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I, INTRODUCTION 


There are four major parts to this annual report. The first is a 
continuing study of the multipole discharge chamber of an electrostatic 
Lon thruster. This portion of the effort is directed at furthering 
the understanding of dischargc'.-chamber operation, with the ultimate 
goal of reducing discharge losses. 

The second part is a continuing study of the hollow cathode, with 
emphasis on assembled (nonwelded) construction and operation without 
emissive oxide. 

The third and fourth parts are devoted to the Hall-current accel- 
erator, and represent a significant departure from past ion thruster 
work in this Grant. The third part is an experimental study of a Hall- 
current accelerator, while tha fourth part is a general theoretical 
study of ion acceleration witli a transverse magnetic field and a closed 
electron drift path. The App<mdix is also related to the last two parts 
in that it includes five summary papers on ion accelerators wtih closed 
electron drift paths. These papers were originally published in the 
U.S.S.R. and are reproduced here together with translations. 



II. ION CONTAINMENT 


by Larry E. Frisa 

The efficiency of an ion thruster is important for electric space 
propulsion. The discharge loss (the power used to generate ions) is a 
major factor in this efficiency. Reduction of the discharge loss, then, 
would permit ion thrusters to become more efficient. 

Discharge-loss correlations have indicated that, for similar utili- 
zation conditions, the volume production cost for ions is essentially 
constant.^ This means that discharge losses can be reduced, again for 
similar utilization conditions, only by extracting a larger fraction of 
the ions produced. This fraction of ions extracted could be increased 
if some portion of the discharge chamber walls could be configured and 
operated so that ions were reflected back into the chamber, instead of 
the usual recombination with electrons that occurs at surfaces. 

Such ion reflection, or containment, has been proposed in the past. 

Discharge losses have been low enough in some designs to indicate that 

2-3 

some degree of ion containment might have been attained. On the 

other hand, preliminary anode bias experiments have failed to indicate 

4 

any significant degree of containment. The experiments described 
herein were further attempts to determine if ion containment could be 
obtained in a discharge chamber. 

Apparatus 

The thruster used for the ion containment experiments is rectangular 

5 — 6 

in shape and has been described in previous publications. Argon gas 

was used as the propellant. The rectangular design of this thruster 
makes it easy to change anodes, hence convenient to use for ion 



containment experiments. Except for a short general description, the 
apparatus description herein will emphasize the aspects directly involved 
in these experiments. 

The internal dimensions of the discharge chamber (circumscribed by 
the screen grid and pole pieces) are 7.5 cm deep, 10 cm wide, and 45 cm 
long. Two cross sections with different anodes are shown in Fig, 2-1. 

The 45 cm dimension is normal to the paper in Fig. 2-1, and there are 
no pole pieces or anodes at the ends of the discharge chamber. The ion- 
beam extraction area is 5 x 40 cm, with a 58% open screen grid within 
this area. 

Anodes . The first type of back anodes used in the ion containment 
experiments were the narrow anodes (Fig, 2-1 (a)), which were part of 
the original design. The anode surfaces exposed directly to the dis- 
charge plasma were 0.4 cm wide, while the length was 44.5 cm. In this 
original configuration, no anode was installed behind the cathode. (Thus 
for Fig. 2-20, only three back anodes were used. All other tests used 
four anodes.) The second type of anodes used (Fig, 2-1 (b)) are called 
wide anodes. These wide anodes had 2.0 cm wide strips attached to the 
discharge side of the narrow anodes, and the same 44.5 cm length as the 
narrow anodes. These wide strips were slightly bent in cross section, 
as indicated in Fig. 2-1 (b) . 

Thermal warping problems with the designs of Figs, 2-1 (a) and (b) 
were indicated by increasing discharge losses with duration of opera- 
tion, distortion after use, and, for the wide anodes, shorting to the 
pole pieces. Because of these problems, a new strip design was fabri- 
cated using 1.6 mm thick stainless steel, 43.2 cm long. This strip 
anode design is compared to the narrow anode design in Fig, 2-2, and 
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ig. 2-1. Discharge-chamber cross section. 
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shown in more detail in Fig. 2-3. The strip anodes were held in place 

tising support brackets of 0.55 mm thick stainless steel, spot welded to 

the heavier anode strips. The bracket at one end of each anode was 

slotted to allow for thermal expansion. 

Magnetic fields . The thruster was operated with two basic magnetic 

field configurations. The first was that of the original design, and 

used six Alnico V permanent magnets, 6.4 mm diameter and 25 mm long, 

between each pair of pole pieces. In this configuration, field strength 

between all pairs of pole pieces was approximately the same. The mean 

calibration value for the magnets used in the original configuration 

-4 

was, after disassembly, 18.9 ± 1.4 x 10 T. (This was a measurement 

at a location 2.8 cm radially out from the center of the magnet, and 

serves as a relative indication of magnet strength.) 

The second configuration was one in which the number of magnets 

in the back wall (both "back center" and "back corner" locations in 

Fig. 2-4) were doubled. As a more minor change at the same time, the 

original magnets were remagnetized, giving a calibration value of 
>*•4 

20.7 ± 0.3 X 10 T. Also, the new magnets added to the back were from 
a different shipment, resulting in a remagnetized calibration value of 
19.5 ± 0.5 X 10"'^ T. 

Magnetic field measurements were taken between adjacent pairs of 
pole pieces. This was done by centering the magnetic probe between a 
pair of pole pieces, then moving the probe (while taking measurements) 
parallel to the 2.5 cm pole-piece faces (see Fig. 2-4). The magnetic 
field distributions obtained in this manner for the end location (see 
Fig. 2-4) are shown in Figs. 2-5 and 2-6 for the first and second 
magnetic field configurations. The increase of the maximum from 
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mounting 
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mounting 
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Bottom view 


Fig. 2-3. 


Design of strip anodes. 
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4 3 2 1 

Side Middle End 

corner 


Fig, 2-4. Location of probe between pole pieces. Pole pieces 
numbering and anode locations are also shown. 





Magnetic field, Tesla 



6 4 2 0 2 4 6 


Distance from pole piece center, cm 

Fig. 2“6, Magnetic field distribution for an end anode location and 
the second magnetic field configuration. 
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7.8 X 10 to 8.6 X 10 T was associated with the remagnetization 
described earlier. The magnetic field distributions for the other 
locations of the second configuration are shown in Figs. 2-7 through 
2-10. These distributions were used to calculate the magnetic-field 
integral values (/Bdx) between the anodes and the bulk of the plasma. 

In Figs. 2-5 through 2-10, the center of the discharge chamber is 
always to the right. 

Ferromagnetic powder maps were also made of the two configurations 
and are shown in Figs. 2-11 and 2-12. These maps are helpful in under- 
standing qualitative differences between the fields for the two config- 
urations, particularly around pole pieces. 

The total flux through a magnet was calculated by measuring the 
magnetic field in a plane normal to the magnet's axis, and passing 
through its center. These measurements were found to agree with 

B = K/[16 + (r/R)^]^^^ , (2-1) 

where B is the magnetic flux density, R is the magnet’s radius, r is 

the radial distance from the magnet axis, and K is a constant selected 

to fit the experimental data from a single magnet. Taking the mean 

value of K, the total flux through one magnet was found to be 3.26 ± 

-5 2 

0.28 X 10 T-m (Webers). The corresponding flux density in one magnet 

was found to be 1.01 ± 0.09 T. This procedure was checked by integrating 

the magnetic flux between two pole pieces and dividing by the number of 

magnets. This latter method gaye the flux through one magnet as 3.24 ± 

-5 2 

0.10 X 10 T-m . The two procedures were thus in excellent agreement. 



Magnetic field , Tesla 
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Magnetic field, Tesla 
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Distance from pole piece center, cm 


Fig. 2-8. 


Magnetic field distribution for a side-corner anode 
location and the second magnetic field configuration. 


Magnetic field, Tesla 
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Magnetic field distribution for a back corner anode 
location and the second magnetic field configuration. 


Fig. 2-9, 


Magnetic field, Tesla 
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Distance from pole piece center, cm 

Fig. 2-10. Magnetic field distribution for a back center anode 

location and the second magnetic field configuration. 
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Fig. 2-12 


Ferromagnetic povvder map of the discharge chamber for 
the second magnetic field configuration. 
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With the doubled magnetic field at the back wall of the discharge 
chamber, it was found necessary to move the cathode farther into the 
discharge chamber. The magnetic field distribution of Fig. 2-10 indi- 
cated that the field strength was essentially zero at 4.0 cm from the 
edges of the back pole pieces (5.3 cm from the back pole-piece centers). 
The cathode was put at that location. 

Plasma probe . The plasma probe consisted of a Ta wire, 0.74 mm in 
diameter, and 3-4 mm long. Probe voltages were referenced to the biased 
anodes. Some measurements were initially made along the long dimension 
of the discharge plasma. After verifying plasma uniformity, measure- 
ments were restricted to a location at the center of the discharge 
chamber, between the cathode and screen grid. The narrow anodes were 
used for these measurements. 

Procedure 

Bias configurations . The thruster was operated in four different 

bias configurations. Except for changes associated with these bias 

configurations, the operating conditions were: discharge 1^^) 40 V, 

1 A; screen, 460 V; accelerator (V ), -500 V; decelerator (V,), 0 V; 

a d 

beam 1^) > V, 100 itiA; accelerator impingement, 7 mA; neutralizer 

heater, 25 V (ac) , 9.0 A; main cathode heater, 20 V (dc) , 25 A; Ar flow 

• -4 

(ra) , 472 mA-equiv; bell-jar pressure (P) , 4 x 10 Torr. 

The first bias configuration used is indicated in Fig. 2-13 (a) , 

The side anodes were held at +40 V relative to the discharge chamber 
body and the center connection of the cathode, while the back anodes 
were biased more positive than the side anodes. Note that the main 
cathode was heated with direct current to minimize noise. However, 
the discharge supply was attached to a center electrode in the 
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cathode, resulting in a cathode voltage distribution analogous to an 
alternating-current supply with a center tap. 

The second bias configuration, indicated in Fig. 2-13 (b) , was 
similar to the first, except that the back anodes were maintained at 
+40 V relative to the body and cathode, while the side anodes were 
biased negative as much as -12 V relative to the back anodes. 

The third configuration. Fig. 2-14 (a), differed from the first 
only in that the discharge-chamber body and screen were not connected, 
hence "floated”, (The side anodes were again maintained at +40 V 
relative to the cathode, while the back anodes were biased positive up 
to +20 V relative to the side anodes.) 

In the last bias configuration investigated. Fig. 2-14 (b) , the 
discharge chamber body and all the pole pieces were biased from -20 V 
to +12 V relative to the anodes, which were maintained at +40 V relative 
to the cathode and screen. Inasmuch as the ends of the discharge 
chamber had no anodes or pole pieces, sheets of insulation were used at 
these locations to avoid excessive loss of high-energy electrons. 

Discharge losses . The discharge losses were, of course, used to 
indicate the degree of ion containment achieved. These discharge losses 
were calculated using the following equations: 

For the first and third bias configurations, Figs. 2-13 (a) and 
2-14 (a) , the discharge losses were calculated from 


eV/lo„ - (2-2) 


For the second configuration. Fig. 2-13 (b) , the discharge losses 
were calculated from 


eV/ion = [V^(I -I.) + V, . I. . ]/l, 

D D b bias bias’’ b 


(2-3) 
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(a) Third bias configuration 



(b) Fourth bias configuration 


Fig. 2-14. Schematic diagrams for bias configurations. 
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For the fourth and last configuration, Fig. 2-14 (b) , the discharge 
losses were calculated from Eq, (2-3) when from 


eV/ion = [VI^+V,. (I^. -L)]/l, 

D D bias bias b b 


(2-4) 


when V- . > V^; where 1 and are the discharge current and voltage, 

bias D D D 

I, . and V, . are the bias current and voltage, and I, is the beam 
bias bias ® b 

current. 

In each case the beam current, I, , was subtracted from the most 

D 

positive supply. Ignoring the bias supplies in Figs. 2-13 and 2-14 for 
the moment, the ions originate at plasma potential. Thus any positive 
potential above screen potential, up to plasma potential, appears as 
kinetic energy in the beam ions. Because plasma potential is usually 
within a few volts of anode potential, it is customary with circuit 
diagrams similar to those in Figs. 2-13 and 2-14 to assume that only 
Vj^(Ij^-I^) is the power that contributes to the ion production. (Note 
that this calculation would be different if the positive high-voltage 
supply were connected to the anodes instead of the cathode/screen.) In 
a generalization of this approach with a bias supply, the beam current 
has been subtracted from the most positive electrodes in the discharge. 
The error in this approach is that the discharge power is underestimated 
by an amount (V^-V^)I^, where is the most positive electrode potential 
and Vp is the plasma potential. This magnitude of error did not signif- 
icantly alter the results presented herein. 

Calculation of plasma properties . The plasma properties in the 
discharge chamber were analyzed using the two-group electron model, 
low-energy Maxwellian background plus monoenergetic primaries.^ 
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Some of the probe traces obtained under bias conditions did not show a 
clearly defined two-group distribution. Still, the plasma potential was 
felt to be sufficiently accurate to indicate plasma potential trends 
relative to the anode potential. Specifically, the results presented 
herein would be valid if the plasma potential were in error by several 
volts, which is larger than can be justified by the departure from the 
assumed two- group model. 

Results and Discussion 

Plasma uniformity . Plasma properties are shown in Figs. 2-15 

through 2-19 as a function of distance in the long dimension of the 

discharge chamber. Narrow anodes were used in these plasma-property 

tests. In each case the properties are essentially constant within the 

chamber, except for end regions where the end wall of the discharge 

chamber was approached. The plasma potential had a mean value about 6 V 

positive relative to the anodes, the mean Maxwellian electron tempera-- 

ture was about 9 eV, while the primary electron energy averaged 40 eV. 

15 -3 

The mean Maxwellian electron density was about 6.5 x 10 m , while that 

14 -3 

of the primary electrons was about 4 x 10 m . Note that the discharge 
in these earlier tests was 50 V instead of the otherwise standard 40 V. 

The uniformity of the plasma properties indicated in Figs. 2-15 
through 2-19 was the justification for the use of single point plasma prop- 
erties (at the center of the discharge chamber) in all subsequent tests. 

Standard magnetic field . Bias tests were conducted first with the 
original magnetic field. Each of the anodes were adjusted to have a 

magnetic field integral (between the anode and the center of the 

—6 

discharge chamber) of at least 56 x 10 T-m (56 Gauss-cm) . This value 
was chosen for the original design as being sufficient to prevent 
primary electrons from directly reaching the anodes. 



Plasma potential (referenced to the cathode), 
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50 


40 



Distance from center of chamber, cm 


Fig. 2-15. Plasma potential versus distance from the center of the 
discharge chamber. 






Primary energy, eV Electron temperature, eV 
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♦ 2-16. Electron temperature versus distance from the center of 
the discharge. 



Fig. 2-17. Primary electron energy versus distance from the center 
of the discharge chamber. 


Primary den 
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Fig. 2-18. Maxwellian electron density versus distance from the 
center of the discharge chamber. 



Fig. 2-19. Primary electron density versus distance from the 
center of the discharge chamber. 





27 


The discharge loss curves obtained using the first bias 
configuration (side anodes at 40 V, back anodes biased more positive) 
are shown in Figs. 2-20 through 2-22 for the narrow anodes and two 
settings of the wide anodes (see Fig. 2-1 for narrow and wide anode 
shapes). The bell-jar pressure was held constant at 4 x 10 ^ Torr 
during these tests. The discharge currents were varied from about 1 to 
10 A to obtain the range of beam current shown. The narrow anodes, 

Fig. 2-20, showed about a 20% increase in discharge loss in going from 
0 to +10 V relative bias of the back anodes. 

In the hope of providing more anode area to reflect ions, similar 
bias tests were conducted with the wide anodes, Fig. 2-21. The adverse 
effect on discharge losses of a given positive bias was nearly doubled 
with the wide anodes. 

Analysis of Langmuir probe data, to be described later, indicated 
that the wide anodes were less isolated from the discharge plasma than 
the narrow anodes. To provide an increased magnetic integral, all back 
anodes were moved 3 mm further away from the discharge. Data taken with 
this modified anode location are shown in Fig. 2-22. To the extent that 
comparison is possible, the effect of anode bias is about the same in 
Figs. 2-20 and 2-22. 

The fraction of total discharge current going to the back anodes 
is shown in Fig. 2-23 as a function of bias voltage for the three 
different anode configurations of Figs. 2-20 through 2-22. The modified 
location for the wide anodes is seen to move the current distribution to 
the back anodes back closer to that for the original narrow anodes. 

Plasma properties obtained from the centrally located Langmuir 
probe are shown in Figs. 2-24 through 2-26. The electron temperatures 
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Fig. 2-20. Discharge loss versus beam current for the narrow anodes 

in the first bias configuration. The first magnetic field 
conf iguration and the standard magnetic integral were used 
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Fig. 2-23. Fraction of the total discharge current to the back anodes 
versus bias on the back anodes. (Data correspond to 
Figs. 2-20 through 2-22.) 
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Fig. 2~24. Electron temperature versus bias. (Data correspond to 
Figs. 2-20 and 2-22.) 
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Fig. 2-26. Plasma potential versus back anode bias for three anode 
configurations. (Data correspond to Figs. 2-20 through 
2 - 22 . ) 


35 


and densities for the narrow anodes and original location of wide 
anodes, Figs, 2-24 and 2-25, show only moderate effect of increased 
bias. The most significant effect of bias appears to be on the plasma 
potential, Fig. 2-26. 

For both the original narrow anodes and the wide anodes with 

modified location, the back anodes were essentially decoupled from the 

discharge plasma during bias operation. This decoupling was shown by 

the approximately 0.9 V increase in anode-plasma potential difference 

for each 1 V increase in positive bias for the anodes. The original 

location of the wide anodes resulted in much less decoupling, 0.4-0. 6 V 

change for each 1 V of bias change. 

As mentioned above, the original narrow anodes had magnetic 

—6 

integrals of at least 56 x 10 T-m. The wide anodes in their original 

locations had, midway between pole pieces, magnetic integrals of 58 x 

— 6 —6 
10 T-m for the back corners and 52 x 10 T-m for the back center 

locations. (These locations are defined in Fig. 2-4.) In addition, 
because of the width of the wide anodes and the effects of warping, the 
magnetic integrals for edges of the wide anodes may have been consider- 
ably less. After recessing the wide anodes by 3 mm, the magnetic 

integrals for the wide anodes, again midway between pole pieces, were 

—6 —6 
increased to 78 x 10 T-m in the back corners and 69 x 10 T-m in 

the back center locations. 

Some additional tests with the other bias configurations were also 
conducted with the standard magnetic field configuration, Figs. 2-27 
through 2-30. In Fig. 2-27, the discharge losses are shown for the 
second bias configuration, with back anodes at +40 V and the side 

anodes biased negative relative to the back anodes. The wide anodes 
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with their modified locations were used here, and some of the results 
(see -8 V, in particular) appear to be affected by warping of the wide 
anode surface. Other than these possible effects of warping, the 
results are similar to those with the same anodes and the first bias 
configuration. The corresponding plasma potential. Fig. 2-~28, also 
showed the same 'v»0,9 V change in plasma potential relative to the back 
anodes for each 1 V change in bias. 

The discharge losses for the third bias configuration, with 
floating discharge-chamber body, are shown in Fig. 2-29, The wide 
anodes with modified locations were used here, and, again, there is no 
significant departure from results with the first bias configuration. 

Discharge loss data for the fourth bias configuration, with biased 
pole pieces, are shown in Fig. 2-30. The narrow anodes were used in 
these tests. All bias operation with this configuration shows higher 
losses than the standard configuration (Fig. 2-20, with no bias). Part 
of the difference was due to a change in operating procedure. In the 

-4 

earlier tests, bell- jar pressure was held constant at 4 x 10 Torr. 

It was felt that holding the gas flow to the thruster constant (at 
472 mA-equiv) might provide more constant thruster operating conditions. 
The two operating procedures are approximately equivalent at a 100 mA 
beam current, but diverge increasingly at higher beam currents. 

In Fig. 2-30, the losses rise sharply as the pole pieces reach 
plasma potential. This sharp rise can be explained by the increased 
electron current loss associated with the more dense Maxwellian 
electrons. The loss increases for lower (more negative) biases are 
smaller, but still no beneficial effect could be found for biasing pole 
pieces positive of their usual -40 V (relative to anodes) value. 
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Increased magnetic field . After the magnetic field near the back 
anodes was doubled, the strip anodes (Figs. 2-2 and 2-3) were tested 
with the first and fourth bias configurations. The use of the strip 
anodes was based on the warping problems encountered with the narrow 
and wide anodes (which were made of thinner sheet metal), together with 
the lack of any clear evidence that anode width was significant. 

For the first test with the increased magnetic field, the back 

strip anodes were moved far enough into the discharge chamber to reduce 

—6 

their magnetic integrals to about 56 x 10 T-m. With these anode 
field integrals and the fourth bias configuration (biased pole pieces) > 
the data of Fig, 2-31 were obtained. 

Again, no benefit of biased operation was found. In comparing the 
data of Fig. 2-31 to the similar data obtained with the original magnetic 
configuration, Fig. 2-30, two things are evident. First, the data in 
Fig. 2-31 are more regular, indicating less effect of warping on per- 
formance. Second, the adverse effect of a given bias level was generally 
decreased with the increased magnetic field. 

Because the magnetic integral protecting the anodes was tlie same 
in both cases, this difference did not appear to be associated with the 
anodes. Referring back to Figs. 2-11 and 2-12 for the ferromagnetic 
powder field maps, it is; clear that the increased magnetic field will 
result in stronger ”miri ors” and smaller loss cones for the escaping 
electrons. The higher magnetic field thus results in less coupling of 
the discharge plasma with the pole pieces, hence less electron loss to 
the pole pieces at a given bias. 

The strip anodes were also tested in the first bias configuration 

—6 

(back anodes biased pos.rtive) with both the original 56 x 10 T-m 
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integral and increased values of 112 x 10 ^ T~m, or more, for the back 
anodes. The increased back magnetic field was used for both of these 
tests, so the integral difference simply corresponded to a displacement 
of the anodes. 

The discharge losses for the 56 x 10 ^ T-m integral value are shown 
in Fig. 2-32. Comparing these results with the supposedly similar 
results with the original magnetic field, Fig. 2-20, the adverse effect 
of the same bias is slightly greater in Fig. 2-32 for a 100 mA beam, and 
slightly less near 400 mA. For the same field integral, then, there is 
no large difference between the added losses due to biasing for the two 
magnetic fields. 

For the increased integral. Fig. 2-33, the adverse effect of back 

anode bias is sharply reduced. For the same +20 V bias, the higher 

magnetic integral results in about half the loss increase. 

The plasma potentials corresponding to the two field integrals of 

Figs. 2-32 and 2-33 are shown in Fig. 2-34. Although both configurations 

are believed to be above the minimum magnetic integral of about 56 x 
— 6 

10 T-m, found for the original magnetic field, the lower integral 
was clearly not as isolated from the discharge plasma as the higher 
value. 

There are at least two possible explanations for the results shown 
in Fig. 2-34. The use of a magnetic integral is based on a nearly 

g 

constant conduction area. In moving the anodes further out into the 

— 6 

discharge chamber to obtain the 56 x 10 T-m integral with the doubled 
number of magnets, the average magnetic field line above the anode 
becomes longer. This means that the mean conduction area (parallel 
to field lines) becomes more curved, and has a greater magnitude. 

As one explanation, then, the same magnetic integral with the 
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Discharge loss versus beam current for the strip anodes 
in the first bias configuration. The second magnetic 
configuration and the standard magnetic integral were 
used . 


Fig. 2-32. 


45 


I400r 


I200h 


V |3 (side anodes) = 40V 

Vb= 500V 

Vo = -500V 

Vd* OV 

rh s 472mA-equiv 


1000 


C 

o 


1 800 

$ 

o 


0 ) 

o» 

w 

o 

JZ 

o 

(/> 


600 


400 


200 


0 



A 8V 
<0> 12V 
V 16V 
O 20V 

I I I 1 I 

100 200 300 400 500 

Beam current, mA 


Fig. 2-33. Discharge loss versus beam current for the strip anodes 
in the first bias configuration. The second magnetic 
conf iguration and doubled magnetic integral were used. 
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Fig. 2-34. Plasma potential versus back anode bias. (Data correspond 
to Figs. 2-32 and 2-33.) 
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doubled number of magnets results in a lower impedance connection to the 
plasma. Closer coupling to that plasma potential should, therefore, not 
be surprising. 

As a second possible explanation, the exact value of the magnetic 
integral can be a critical matter, as shown by the effect of a 3 mm 
anode displacement for the wide anodes (see Fig. 2--26) . Mechanical 
tolerances, thermal motion, and variation of field strength along the 
pole pieces all combine to produce spatial and timewise variation in 
integral values. Perhaps the mean integral for the data of Fig. 2-32 
was actually slightly less than that of Fig. 2-20. 

Conclusions 

From the magnitudes of magnetic integrals used and the plasma 

potentials obtained with these magnetic integrals, it appears that 

considerable isolation of the anodes from the discharge plasma potential 

— 6 

was possible at, or above, 55-60 x 10 T-m. This value range for the 
magnetic integral is approximately what was required to prevent energetic 
primary electrons from having direct trajectories to the most positive 
anodes. 

The anode width did not appear to be a major parameter in deter- 
mining discharge losses. 

Despite the use of several bias configurations and the frequent 
demonstration of anodes biased positive relative to the discharge 
plasma, there was no example of reduced discharge losses due to biased 
operation. One can infer from the absence of beneficial effects that, 
if ion reflection took place near the positive anodes, the added power 
required for biasing more than offset the gains due to ion reflection. 
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The most significant result of this biasing appears to be the sharp 

reduction in biasing ].osses at the high magnetic integral value (112 x 

lO'” T~m). Further increases in the magnetic integral for positively 

biased anodes may shov/ that the benefits of biasing may outweigh the 

biasing losses at suf iiciently high values of this integral. 

The possibility of beneficial effects of biasing at high magnetic 

integrals is consistent with the apparent previous observation of 
2-3 

reduced losses, whore, although not evaluated, it is believed that 

very high integral values were used. The use of much higher integrals 

also implies the possibility of discharge stability problems. These 

problems were presumably the reason for the use of an auxiliary plasma 

2-3 

anode in some earlier tests. More recently, conductivity calcula- 
tions have indicated that an excessive minimum discharge voltage can 
result from a high majpietic integral.^ It is hoped that the greater 
knowledge of plasma processes available now would permit a rapid reso- 
lution of any stability problems. 
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III. HOLLOW CATHODES 


by R. P. Stillwell 

The hollow cathode investigation reported herein used oxide-free 
components, mechanically assembled. This approach has advantages from 
the research viewpoint in that such cathodes are easy to fabricate and 
there is no confusion as to the work functions of the surfaces involved. 
These advantages, in research, should eventually be translated into more 
rapid progress. The effectiveness of mechanically assembled construction, 
as opposed to electron-beam welded construction, should also be signifi- 
cant for future large hollow cathodes. That is, the assembled construc- 
tion should avoid th(5 thermal stress problems of welded assembly using 
dissimilar materials and section thicknesses. 

In a previous rtiport,^ a rolled foil insert was found to be the 
most efficient oxide-free emission surface. This present investigation 
continues the study of a rolled foil insert. Graphite, tips were also 
used in the previous study. ^ The work reported herein uses both 
graphite and tungsten tips. The internal starting electrode described 
earlier is also used throughout this investigation. 

The propellant gas was in all cases Ar, Ar represents a greater 
departure than Xe from previous Hg experience, hence was felt to be 
more productive for a research investigation. 

Apparatus and Procedure 

The typical test arrangement for a hollow cathode is indicated in 
Fig. 3-1. The body of the hollow cathode was a 6.4 mm outside diameter 
Ta tube, 6.3 cm long. Unless otherwise indicated, the tube thickness 
was 0.25 mm. The Ta tube was mounted in an A1 block, onto which the 


other components were connected. 
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The rolled-foil inserts used in these tests were fabricated from 
0.013-mm thick Ta. The inserts were typically cut to 4 x 8.6 cm, 
textured by pressing the foil against 50-grit abrasive paper using an 
elastomer for pressure, and rolled into about a five-turn insert with 
a length of 4 cm. Where noted, the length (the 4 cm dimension) was 
varied and untextured foil was used. 

A stainless steel perforated cylinder, 5 cm in diameter and 7.6 cm 
long, was used as the anode. The position of the anode in Fig. 3-1 is 
displaced for clarity. Unless otherwise specified, the tip of the 
cathode was flush with the near end of the anode. 

The only gas introduced into the 45-cm diameter vacuum chamber 
was the Ar flow through the hollow cathode. 

As indicated earlier, an internal starting electrode was used to 
initiate emission. After initiation, the starting discharge was turned 
off. Because there was no external source of heat after the starting 
discharge was turned off, a minimum emission was required to maintain 
operation. This minimum depended on Ar flow and cathode geometry, but 
was typically 3-4 A. 

The testing procedure was to take current-voltage characteristics, 

with the current varied from the minimum required to maintain operation 

1-2 

up to either the power supply limit (25 A) or the emission limit. 

Tests were typically conducted at Ar flows of 0.6, 0.7, 0.8, 0.9, and 
1.0 A-equiv. 


Tip Configuration and Material 

Four tip geometries, shown in Fig. 3-2, were used in this investi- 
gation. The tip shown in Fig. 3-2(a) was fabricated from graphite of 
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unknown composition. The tips of Figs. 3-2 (b) and (c) were fabricated 
from grade HPD-1 (Lnion Poco), which is a high density graphite that 
typically has trace metals in hundreds of parts per million. The tip 
design of Fig. 3-2 (d) was fabricated from both grade HPD-1 graphite 
and W. In all tips the cylindrical hole length was 1 ram. 

Hole diameter . Tests were initially conducted with the configura- 
tion indicated in Pig. 3-2 (a), which was the final one used during the 
previous support period of this grant. A tip of this configuration was 
tested with hole diameters of both 0.71 and 1.1 mm. The ratio of 
powers for these tv^o hole sizes is plotted in Fig. 3-3 as a function of 
emission. Since the power is proportional to the voltage when current 
is held constant, the ratio of anode voltage would be the same as the 
ratio of power shovni. In all cases the power (and voltage) at a given 
emission level was less for the larger hole diameter. 

A high discharge power is undesirable for a hollow cathode from 
the viewpoint of e>:cessive losses. It is also undesirable from the 
viewpoint of the hJgh sputtering rates encountered at higher voltages. 
For the main discharge cathode of an inert gas thruster, then, the 
larger hole diamett'.r would be preferred. It should be kept in mind, 
however, that the ]. ram thickness in the vicinity of the tip hole was a 
selection based, in part, on the requirement for long thruster lifetime 
and past wear rates encountered with Hg. The smaller 0.71 mm diameter 
hole thus had a length- to-diame ter ratio of 1.4, while the 1.1 mm 
diameter hole had a ratio of 0.9. With the longer length-to-diameter 
ratio, the smaller hole was a considerably greater obstacle to plume- 
neutralizing ions diffusing from the inside to the outside - much 
greater than would be indicated by the hole cross sections alone. If 
wear rates were low enough to permit thinner tips to be used, some of 
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Fig. 3-3. Comparisc»n of cathode performance with two orifice diameters, 
for the tip geometry of Fig. 3-2 (a) and textured insert. 
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the adverse effects of a smaller hole diameter, shown in Fig. 3-3, 
might not be observed. 

Radiation are a. The tip geometries shown in Figs. 3-2 (a) and (b) 
were chosen to permit comparison of considerably different thermal 
designs. The design of Fig. 3-2(b), with a diameter of 15 mm, had a 
large external radiating area. The design of Fig. 3-2 (c) has a much 
smaller external radiating area, although the area exposed to the 
internal plasma was increased at the same time. 

The experimental performance for these two configurations is shown 
in Fig. 3-4. The only clearcut difference is that for the higher Ar 
flow rates (0.8 and 0.9 A-equiv. in Fig. 3-4(c) and (d)), the maximum 
emission is higher for the smaller tip diameter. 

The data in Fig. 3-4 also illustrate a trend evident throughout 
this investigation. That is, as the flow rate of Ar increased, the 
maximum emission also increased. 

Erosion rate . A problem encountered with the graphite tips was 
that of rapid erovsion. This problem was first encountered with the 
graphite tip indicated in Fig. 3-2(a). Because the graphite composition 
was unknown for tliis tip, it was decided that the erosion should be 
evaluated for a tip of known composition. Using the tip design of 
Fig. 3-2 (c), made of HPD-1 graphite, the tip hole was observed to 
increase from 0.71 mm to 1.0 mm during 19 hours of operation. The hole 
diameter was measured after every few hours of operation, so that this 
is known to be a continual erosion process rather than rapid wear during 
a short time at some unusual operating condition. The erosion process 
involved in this rapid wear is not clear. The sputter yield of graphite 
is quite low, so It does not appear that simple sputter erosion can be 


the main cause. 
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(d) 0.9 A~equiv Ar flow. 
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Tip materia l. The erosion rate found for the graphite tip was 
clearly unacceptable for space applications. In an attempt to reduce 
orifice erosion, it was decided to try W for the tip material. Due to 
the difficulty ia machining W, the simple design of Fig. 3--2(d) was 
adopted. The tip was a 6.4 mm diameter disc, 1 mm thick, with a 
centered 1.0 mm diameter hole. Since this design is a simple disc 
without provisioa for centering in the Ta tube, a 0. 01 3-mm- thick piece 
of Ta was spot welded to the Ta tube to perform this centering function. 
This W tip was operated for 16 1/2 hours with no measurable wear evident 
with an optical microscope. 

Because the change in tip material was associated with a change in 
design, a similar tip configuration was also fabricated from HPD-1 
graphite. The cathode performance obtained using the two tip materials 
is indicated in Fig. 3-5. At all combinations of emission and Ar flow 
that could be compared, the W tip showed lower powers and voltages than 
the graphite tip. In addition, the maximum emission was increased by 
the use of W. 

The difference in power required for the two tip materials is 

consistent with the hypothesis that the plasma discharge supplies 

whatever power is required for the emission surface to reach emission 
1 ^ 

temperature. Because the potential variation is small from the anode 
to the plasma within the hollow cathode, most of the discharge power 
(emission times anode- cathode potential difference) appears as cathode 
heat. Because the plasma is densest near the cathode tip, much of this 
heat is lost to the tip. Graphite has an emissivity in the operating 


The emission within a hollow cathode is believed to be by a combination 
of thermionic and high-field processes. The concern here is only with 
the effect of temperature. 
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(a) 0.6 A-equiv Ar flow. 


Fig. 3-5. Comparison of hollow cathode performance with graphite and 
tungsten tips. (Tip of Fig. 3-2 (d) with 1.0 mm diameter 
orifice, textured insert, and thick walled cathode tube.) 
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(b) 1.0 A-equiv Ar flow. 
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range for temperature of 0.80-0.85, while that of W is 0.2-0. 3. The 
lower power required for the W is therefore explained as simply due to 
lower heat loss with this material. While the tip, itself, is not 
believed to be a source of significant emission, its heat balance will 
directly affect the inside temperature of the foil insert, which is 
believed to be the major emission source. 

Note that the more efficient thermal design (with W) had higher 
maximum emissions. This is similar to the trend observed with different 
tip diameters (Figs. 3-2(b) and (c)). It is suspected that the dif- 
ference in internal configuration obscured some of the difference that 
might otherwise have been expected with different tip diameters. 

Insert configuration . After the cathode emission has been init- 
iated by the starter electrode, the discharge power is the only heat 
input to the cathode. As discussed previously, most of the discharge 
power appears as heating power inside the cathode. A change in insert 
configuration that reduces heat flow to the outside of the cathode 
should thus be expected to reduce the power required to maintain 
emission temperature at the inside of the insert, which, in turn, should 
reduce the anode voltage required for a given emission level. 

With this reasoning in mind, textured (described in the Apparatus 
and Procedure section) and untextured foil inserts were compared in 
terms of operating characteristics. The intent of the texturing was, of 
course, to minimize contact between foil layers. At the high operating 
temperatures for the Inside layers of the foil insert, some bonding 
would be expected to take place at any contact area. With plain sur- 
faces, a high degree of direct thermal loss would be expected after 
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this bonding takes place. With a textured surface, though, thermal 
conduction must follow a labyrinth path. 

The textured- to-plain power ratio is presented in Fig. 3-6 for 
several Ar flow rates. In all cases the textured insert showed sub- 
stantial (10-40%) reductions in discharge power. 

The insert length was also varied. One might expect a shorter 
insert to provide less insulation for thermal conduction to the Ta tube, 
hence be less efficient. On the other hand, experience with oxide 

coated inserts indicates that most of the emission is from the first 
3 

2 mm near the tip. Three insert lengths were tested: 1, 2,5, and 

4 cm. These tests employed a W tip with a 1.0 mm hole diameter (Fig. 

3-2(d)). As indicated in the Apparatus and Procedure section, textured 

inserts were used. The results of these tests are shoxm in Fig, 3-7. 

The tests of different insert lengths did not show a clearcut 

result for voltage at a given emisison, hence for heating power. Where 

differences were found, the medium length (2,5 cm) showed the lowest 

anode voltage. For maximum emission, the highest value was found for 

the shortest insert. Depending on the parameter of interest, then, 

somewhere in the 1-2.5 cm range of length appeared of most interest. 

Tube thickness . The Ta tubes used in previous hollow cathode 
1-2 

investigations and in the majority of the studies reported herein had 
0,25 ram-thick walls. When ordering more Ta tubing for this investiga- 
tion, it was found that the 0.25-Tnm wall thickness was no longer 
available for the 6.4 mm outside diameter used herein. The closest that 
could be obtained to the original tubing had a wall thickness of 0,51 
mm. This change in wall thickness resulted in tests to determine the 
effect of this change on performance. 
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Fig. 3-6. Comparison of cathode performance for textured and plain 

inserts. (Tip geometry of Fig. 3-2(a) with 1.1 mm orifice 
diameter . ) 
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Fig. 3-7. Comparison of cathode performance with different insert 

lengths. (Tungsten tip used with 1.0 mm diameter orifice, 
textured insert, and thick walled Ta tube.) 
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The effect of wall thickness is shown in Fig. 3-8 for an Ar flow of 
0.8 A-equiv. In all cases tested, the thin-walled tubes showed somewhat 
higher maximum emissions. For the purposes of the investigation 
reported herein, the change in wall thickness was not considered to be 
critical. 

Magnetic field . A magnetic field was used with a hollow cathode in 
an attempt to increase the maximum emission. The attempt was not 
successful, but is reported here because it might be of interest. 

As indicated several times in discussions of this investigation, 
a maximum electron emission is encountered for each combination of Ar 
flow rate and hollow-cathode configuration. A possible reason for this 
limit is the "starvation** of the discharge due to the too rapid escape 
of electrons. No similar maximum has been encountered with Hg propel- 
lant. It may be that a similar limit does, in fact, exist with Hg, 
but is simply at too high an emission to be encountered in the usual 
experiments. 

In comparing cross sections of Ar with those of Hg, it is apparent 
that, for electrons with of the order of 1 eV energy, the ratio of 
ionization to collision cross section is much smaller for Ar than for 
Hg. This observation is consistent with the Ramsauer-Townsend effect, 
generally observed with inert gases. 

The hope was that the presence of a transverse magnetic field 
would enhance the collisional processes with an inert-gas propellant, 
resulting in performance close to that observed with mercury. 
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A change in anode position was necessary to provide space for the 
magnets between the anode and cathode. Tests were therefore conducted 
to determine the effect on performance of this change. The anode 
change investigated, and used as a basis of comparison with a magnetic 
field, was with a 1.5 cm gap between the cathode tip and the near end 
of the anode. This 1.5 cm change in anode position did not result in a 
significant performance change when no magnetic field was introduced. 

The first magnetic configuration tested used 6.4 mm diameter 
magnets positioned radially with respect to the cathode axis of symmetry, 
as indicated in Fig. 3-’9(a). Magnet separations (see Fig. 3-9(a)) of 
0.7, 1.5, 2.0, and 3.0 cm were tested, but only with a 3.0 cm separation 
could the cathode discharge be started. The magnetic field for a 3.0 cm 
separation is shown in Fig. 3-10(a) . The magnetic integral downstream 
from the orifice was 217 Gauss-cm for this configuration. 

From discharge-chamber tests, 217 Gauss-cm should be considered a 
high value of integral. Another configuration, shown in Fig. 3-9(b) , 
was devised to obtain a lower value of integral. The magnetic field for 
this latter configuration is shown in Fig. 3-10(b). The integral down- 
stream from the orifice was found to be 52 Gauss-cm for this lower field 
configuration. 

The performance of the configuration shown in Fig. 3-9(a) is com- 
pared to that of a similar configuration without magnets in Fig. 3-11. 

The most noticeable change is the general 10-15 V increase in anode 
voltage with the presence of a magnetic field. The maximum emission 
was only slightly increased by the magnetic field. 

The performance of the configuration shown in Fig. 3-9(b) is 
compared with that of a similar configuration without magnetic field 
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-• 6.4 mm h" 



seperation 



Assembly of configu- 
ration in Fig. 3-9(b). 


(b) Strip pole pieces (magnet not shown) . 


Fig . 3-9 . Magnetic f ield configurations . 



Magnetic field , 
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(b) 2.0 cm magnet separation. 

Fig. 3-10. Magnetic field profiles for cylindrical magnets positioned 
radially to cathode axis. 





Anode potential, V 


25 



Anode current, A 

Fig. 3-11. Comparison of cathode performance with and without the 

magnetic field. (Cylindrical magnets 3 cm apart. Tip of 
Fig. 3-2(c) used with orifice diameter 0.76 mm and plain 
insert . ) 
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in Fig. 3-12. With the smaller magnetic integral of 52 Gauss-cm, the 
increase in anode voltage due to the presence of the magnetic field is 
only about 5 V. There was no significant trend for maximum emission. 

Also shown in Fig. 3-12 are the results of locating the pole pieces 
of Fig. 3-9(b) upstream of the orifice, instead of downstream as shown 
in that figure. The results are intermediate of the downstream configu- 
ration and the no magnetic field field configuration. This result is 
consistent with the magnetic integral downstream of the orifice being 
reduced below 52 Gauss-cm. No significant results appear to be due to 
the magnetic field increase upstream of the orifice. 

The tests conducted with transverse magnetic fields in the plume 
region thus covered a range of anode voltage effect from <5 V to 10-15 V 
as the magnetic integral of the transverse magnetic field downstream of 
the orifice was increased. If beneficial effects on maximum emission 
were possible, they should have been evident in the range covered. 

Conclusions 

A number of detailed conclusions were drawn from the oxide-free 
hollow cathode tests described herein. The use of graphite as tip 
material resulted in unacceptably high erosion rates. The substitution 
of W for graphite greatly reduced this erosion. The use of W for the 
tip also reduced the required discharge power at a given Ar flow rate 
and emission level. Power reductions (up to 40%) were also found for 
a textured foil insert, compared to a plain one. Higher maximum emis- 
sions for a given Ar flow rate were also found with the W tip. No 
beneficial results were observed for a transverse magnetic field down- 


stream of the orifice. 



3 



(a) 0.6 A-equiv Ar flow. 


o 

a 



Anode current, A 

(b) 0.9 A-equiv Ar flow. 

Fig* 3—12. Comparison of cathode performance with and without the 
magnetic field. (Pole pieces 2 cm apart. Tip of Fig. 

3-2 (c) used with orifice diameter of 1 mm and plain insert.) 
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The results observed for oxide-free hollow cathodes are generally 
in agreement with a thermally controlled model, where the anode voltage 
reaches whatever value is necessary to maintain emission temperature at 
some surface. For the designs tested, this surface is almost certainly 
the inside of the rolled foil insert. 

The ability to define surface work function (with no emissive 
oxide present) makes the oxide-free design well suited to a more 
thorough analysis of the interplay between emission and thermal losses. 
The non-welded, mechanically assembled construction also appears to be 
promising for future large-cathode applications, where thermal- 
expansion problems could be serious at welds. 

From the absence of any beneficial effect of a transverse magnetic 
field downstream of the orifice, it appears that the too-rapid escape 
of electrons to the anode may not be a significant factor in the 
maximum electron emission observed for each combination of inert-gas 
flow rate and cathode configuration. 
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IV. EXPERIMENTAL HALL-CURRENT ACCELERATOR 


by Gregory M. Plank 

Electric propulsion needs for interplanetary missions appear to 

be best met by specific impulses of 3000 sec or more> depending on 

mission difficulty. The electrostatic thruster, with ion acceleration 

provided by electric fields between closely spaced grids, performs well 

1-2 

in this specific impulse range. 

For geocentric missions, a lower range of specific impulse appears 
to be of interest, probably 3000 sec, or less. The need for lower 
specific impulses in geocentric applications results from considerations 
of mission lifetime. In interplanetary missions, the added mission time 
associated with the use of electric propulsion is usually a small 
fraction of total mission time. In geocentric missions, however, a 
mission time of hundreds of days can be a serious problem when the 
equivalent chemically propelled mission takes only a few hours. 

The most serious obstacle to the use of electrostatic thrusters 
at low specific impulses (<3000 sec) is probably the ion-current limita- 
tions of electrostatic acceleration. Hall-current acceleration is an 
alternative to electrostatic acceleration between grids. 

Hall-current accelerators have been studied as electric thrusters 

in the past in this country, but were dropped because of low effic- 

3-4 

iency. It was, for example, difficult to accelerate more than about 

one ion downstream for each electron that traveled upstream. This 
limitation put an upper limit on thruster efficiency of about 50% due 
to the acceleration process alone. In comparison, the electrostatic 
thruster has an overall efficiency of about 70% at 3000 sec, and is 
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capable of higher efficiencies at higher specific impulses. This 
relatively poor performance of the Hall-current accelerator at the high 
specific impulses that were then being considered resulted in its 
demise in the U.S. about 1970. 

If we consider low specific impulses, though, the relative perfor- 
mance of the Hall-current accelerator is at much less of a disadvantage. 
As indicated above, the electrostatic thruster becomes increasingly 
limited in ion current capacity as specific impulse is reduced. The 
Hall-current accelerator has no such limitation. The electron backflow 
results in a serious loss at high specific impulses. But at low specific 
impulses this backflow is more easily recovered by using it to generate 
ions. 

The investigation of the Hall-current accelerator reported herein 
was undertaken as part of a preliminary attempt to re-evaluate this 
type of thruster for electric propulsion. The preliminary nature of 
this investigation should be emphasized. It has been over a decade 
since the Hall-current accelerator was last seriously considered for 
electric propulsion in the U.S. 

Apparatus and Procedure 

Ion acceleration in a Hall-current thruster is due to the electric 
field generated by an electron current interacting with a magnetic 
field. The generation and shape of this magnetic field is thus equiva- 
lent in importance to the design of grids in electrostatic thrusters. 

Construction . The Hall-current thruster investigated herein 
(Fig. 4-1) uses two cylindrical magnetic pole pieces to generate an 
essentially radial magnetic field. As indicated in Fig. 4-2, a non- 
magnetic annular anode is located at the upstream end of the 






(a) Upstream view (open end) 






(b) Downstream view (closed end) 


Fig. 4-1. Photographs of Hall-current thruster 
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accelerator (the bottom of Fig, 4“2(b)). A nonmagnetic annular cup to 
contain the discharge surrounds the anode. Two refractory metal 
cathodes were used, one located as indicated in Fig. 4-2 (b) near the 
anode, the other a neutralizer cathode at the exit plane of the accel- 
eration channel (not shown in Fig. 4-2(b)). The cathode close to the 
anode was fabricated of 0.51 mm diameter W, with a nominal emission of 
1 A for a 17.5 A heating current. (The two semicircular segments of 
this cathode were effectively in parallel, resulting in a heater power 
supply current of 35 A.) The neutralizer cathode was a single strand of 
0.25 ram diameter Ta wire, with a nominal emission of 1 A for a 5 A 
heating current. 

The magnetic integral in a radial-field configuration varies with 
the radius at which the integration is performed. Still, the concept 
of the magnetic integral is a useful one for general design considera- 
tions. At the radius of the cathode, the magnetic integral between the 

—6 

anode and cathode (see Fig. 4-2 (b)) was 20 x 10 T-m (20 Gauss-cm) . 

This value was low compared to the typical 50-60 x 10 ^ T-m between 
anode and cathode in an electron-bombardment discharge chamber. 

The original configuration that was fabricated used six permanent 
magnets instead of three, and had the cathode farther from the anode, 
with a magnetic integral more typical of electron-bombardment thrusters 
between the anode and cathode. This configuration proved almost impos- 
sible to operate in the <100 V range that was felt to be of interest. 
Subsequent tests indicated that discharges could be started and main- 
tained with the reduced number of magnets and relocated cathode. 

The gas flow was originally introduced through two tubes on 
opposite sides of the thruster, resulting in a nonuniform 
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pressure distribution. The thruster was then modified to permit the gas 
flow to be introduced through the central pole piece. When the gas flow 
was introduced in this latter manner, rings of insulator were used to 
force the gas flow through evenly distributed small holes in the inner 
cylinder of the annular cup. Also not shown in Fig. 4-2 are the insu- 
lators used to support anode and annular cup, as well as to block the 
upstream end of the thruster and shield the Alnico V magnets from the 
heat. 

Magnetic field . The magnetic field of the operating Hall-current 
thruster has two major components to the local field strength. First 
there is the radial magnetic field produced by the magnets and the 
cylindrical pole pieces. The strength of this component is indicated 
in Fig. 4-3, which shows contours of constant magnetic field strength at 
the axial location of the cathode, and in Fig. 4-4, which shows the mean 
axial variation of magnetic field strength. The second component is 
the contribution from the cathode heater current. To avoid the problem 
of measuring the magnetic field close to a current-carrying cathode, the 
cathode field component was calculated. The combination of these two 
fields is indicated in Fig. 4-5, with the axial location 1 ram upstream 
from the cathode. The combination is also shown in Figs. 4-6 through 
4-8 for the axial variation at different radii. The cathode heater 
current was 17.5 A for Figs. 4-5 through 4-8. 

The cathode heater current clearly has a significant effect on the 

total magnetic field distribution. On the one side of the thruster, 

the 17.5 A heater current drops the anode-cathode magnetic integral to 

14 X 10 ^ T-m, and on the other side increases it to 34 x 10 ^ T-m, 

— 6 

both compared to 20 x 10 T-m without a cathode heater current. 




2 3 

once from anode , cm 

Dm of magnetic field strength at dii 


8 



Fig. 4-5. Contours of constant magnetic field strength at an axial 

position 1 mm upstream of the cathode. (Constant field of 
Fig. 4~3 plus the calculated effect of 17.5 A current through 
each branch of the cathode.) 




Magnetic field strength, 



Distance from anode , cm 

Fig. 4-7. Mean axial magnetic field at cathode radius, 3.1 cm. 

(Constant field plus effect of ±17.5 A cathode current.) 
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This significance of the heater current appears to be a sharp 
distinction from electron- bombardment thruster experience. In the 
latter, the background field near a refractory cathode is normally 
quite small. Inasmuch as the cathode heater current is not enough to 
result in localized containment of the emitted electrons, the effect 
of the heater current on discharge-chamber performance is usually not 
significant. 

Operation . The Hall-current thruster design tested can be operated 
in three different modes; main cathode only, neutralizer cathode only, 
or both cathodes together. The electrical circuitry for all three 
modes is indicated in Fig. 4-9. The Ar introduction could also be 
changed as indicated in Fig. 4-2(b). Unless otherwise noted, all opera- 
tion was with the uniform Ar feed. For the flows of Ar of about 100-1000 

-4 

mA-equiv, the vacuum chamber pressure was in the range of 1-10 x 10 
Torr. (The relation between flow rate and pressure was close to linear.) 

Results and Discussion 

Operating range . The voltages required to start and to maintain 
the discharge were investigated with both Ar feeds. The results of 
these tests are shown in Fig. 4-10. As discussed in the section on the 
magnetic field, the magnetic field strength was reduced from the initial 
value to facilitate operation. The reduced field strength used for 
the operating range tests of Fig. 4-10 (indicated in Figs. 4-3 through 
4-8) thus represent a compromise between the low value required for 
discharge operation and the high value desired to minimize the electron 
backflow in the acceleration region. 

The results of Fig. 4-10 were obtained with only the main cathode 
heated to emission temperature, using a 17.5 A heating current. Up to 
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Cathode 

heater 
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Fig. 4-9. Electrical power and instrumentation schematic. 
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O Discharge initiated 
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Fig. 4-10. Anode voltage required to start and maintain a discharge 
(No neutralizer emission.) 
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an 8 V increase in starting voltage was observed with the nonuniform 
Ar feed, while the minimum voltage for the same feed was increased up 
to 4 V. 

The effect of the neutralizer cathode on the operating range is 
indicated in Fig* 4-11 for uniform Ar feed. It was found that with a 
neutralizer emission current of about 1 A (corresponding to 5 A heater 
current) , the neutralizer emission caused the minimum operating voltage 
to approach the starting voltage over most of the pressure range inves- 
tigated. 

The interaction between the two cathodes indicated in Fig. 4-11 was 
typical of this investigation. Simply increasing the neutralizer 
emission at a fixed main cathode emission usually resulted in the 
discharge being extinguished. On the other hand, if the main cathode 
emission were reduced as the neutralizer emission was increased, it was 
occasionally possible to continue operation. 

Operation with the neutralizer cathode only was possible at higher 
facility pressures and voltages, as indicated in Fig. 4-12. The opera- 
ting range shown does not include starting the discharge. The discharge 
was started with the main cathode, then the emission was gradually 
shifted over to the neutralizer cathode. The crosshatched region in 
Fig. 4-12 is, therefore, simply the operating range for the neutralizer 
cathode after the discharge was started using the main cathode. The 
pressure range of 6-9 x 10 Torr corresponded to Ar flows of about 600- 

-4 

900 itiA-equiv. The minimum pressure of 6.5 x 10 Torr gave operation at 
only 94 V, which (in eV) is close to the electron energy for maximum 
ionization cross section of Ar. 



Anode voltage. 
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Plasma properties . A Langmuir probe was used to measure the plasma 

properties in the channel of the Hall-current thruster. The plasma 

properties were all evaluated at a radius of 3.2 cm, which is 1 mm 

more than the cathode radius. The operating conditions were: Ar flow, 

-4 

772.5 mA-equiv; pressure, 4 x 10 Torr (this higher f low-to-pressure 
ratio was caused by a change in the pumping system); main cathode 
heated to emission of 1 A; neutralizer cathode heated to an emission of 
0.6 A; anode set at 70 V with a plasma discharge of 2.5 A. 

Results obtained with the nonuniform gas flow are shown in Figs. 
4-13 through 4-15. The two sides of the thruster are indicated by the 
two magnetic integral values. Although the flow was nonuniformly 
introduced through two tubes, the plasma probing was S3mimetrical with 
these two tubes. The differences for the two sides are thus believed to 
represent the results of the different magnetic fields on the two sides, 
and not due to a flow difference. 

Both magnetic integrals in Fig. 4-13 indicate that the plasma 
potential outside the thruster is about 20 V less than anode potential, 
which is still about 50 V positive of the common potential near ground. 
It is clear that the magnetic field between the main cathode and 
neutralizer cathode is inadequate for voltage isolation. To be more 
specific, the reductions of field strength that were made to facilitate 
low voltage starting and operation resulted in too little field for 
acceleration purposes. 

The plasma properties for uniform and nonuniform Ar flow are 

—6 

compared in Figs. 4-16 through 4-18 for the 34 x 10 T-m side of the 
thruster. All circumferential nonuniformities tend to reduce the 
voltage isolation capabilities of Hall-current channels. The added 






Plasma potential, V f Maxwellian density, 
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uniformity of a uniform gas flow might be expected to improve voltage 
isolation capability, which it does by 5-6 V. But the plasma potential 
outside the thruster is still about 45 V above the common potential. 

Conclusions 

An experimental Hall-current thruster was tested with refractory 
metal cathodes. The magnetic field was reduced from the initial design 
to facilitate starting and operation at low voltages (<100 V). Although 
various operating modes were possible with the main and neutralizer 
cathodes, the voltage isolation capability of the acceleration channel 
was severely limited at the reduced field used. Circumferential varia- 
tions are always detrimental for isolation capability, and a small 
improvement was noted when uniform Ar flow was used to replace a more 
nonuniform flow from only two tubes. 

The use of refractory metal cathodes resulted in serious circum- 
ferential variations in the magnetic field, which resulted in corres- 
ponding variations in plasma properties. Some of the limited voltage 
isolation capability observed was probably also due to the adverse 
affects of the refractory cathode on circumferential uniformity. 

As a major conclusion, then, the heating current for a refractory 
cathode can adversely affect circumferential uniformity in a Hall- 
current thruster. 

As another major conclusion, the low field strength used to 
facilitate starting and operation resulted in inadequate voltage isola- 
tion for acceleration. 

One approach for avoiding the field-strength compromise used herein 
is to have a "discharge chamber" upstream of the acceleration region. 
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so that the ion generation can take place with only moderate field 
strengths in this region, while high field strengths are still available 
for acceleration. This is the general approach used in Hall-current 
accelerators in the U.S.S.R.^ 

Another approach might be to use more sophisticated approaches to 
electron diffusion in the "discharge chamber" region. Electron- 
bombardment thrusters have discharge problems when the magnetic integral 
between the anode and cathode becomes too large. This problem is aggra- 
vated when the anode area is only a small fraction of the total wall 
area for the discharge chamber. It is suspected both of these factors 
are involved in field-strength problems encountered in this investiga- 
tion. Inasmuch as the diffusion of electrons to the anode is the common 
limit when too high an integral or too small an anode area is used, 
alternate escape mechanisms for electrons may effectively solve these 


problems. 
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V. THEORY OF ION ACCELERATION WITH CLOSED ELECTRON DRIFT 


A class of ion accelerators, called Hall-current accelerators in 
the U.S., use the electric field generated by electrons diffusing 
through a magnetic field to accelerate ions. To avoid large electron 
sources and sinks due to ^ x H drift, the acceleration channels have 
closed drift paths, usually annular in shape. A theory is developed in 
this section for ion acceleration with closed electron drift paths. 

The major assumptions in this theory are: (1) the radial and 

circumferential variations in properties are small, so that the time- 
averaged properties vary only with x, the acceleration direction; (2) 
the ion current density is constant throughout the acceleration region; 
and (3) the electron current density is constant throughout this region. 
Assumptions (2) and (3) imply (with energy conservation for ions) a 
constant-area flow channel, and localized ion generation at the upstream 
end of the acceleration channel. In practice, constant ion current 
density usually also means a channel of uniform radius and length. 

Using an integral approach to electron diffusion that was developed 
previously,^ it is not necessary to make assumptions regarding the 
detailed distribution of magnetic field intensity. 

Differential Diffusion Equation 

Assuming Bohm diffusion for both the potential and density gradient 
terms, the equation governing electron diffusion in the upstream direc- 
tion is 


en dV _ eT dn 
■^e 16B dx 16B dx ’ 


(5-1) 
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where is the electron current (opposite to conventional current) in 

2 

A/m , e is the absolute electronic charge in C, n is the electron 
-3 

density in m , V is the plasma potential in V, T is the electron tem- 
perature in eV, B is the magnetic field in T, and x is the distance in 
m in the direction of the electron diffusion measured from the exhaust 
plane. Note that this equation is concerned only with the electron 
motion opposite to the applied electric field, and not the circulating 
or Hall current. 

If ion production and losses are both negligible in the acceleration 
region, and the ion acceleration is restricted to the x direction, then 
the ion density can be expressed as 

n = , (5-2) 

where n^ is the ion density after acceleration and is the potential 
through which the ions are accelerated. The plasma potential V is 
defined as zero at the exhaust plane of the accelerator. From the 
quasi-neutrality assumption for a plasma, Eq. (5-2) also gives the 
electron density. 


Zero Electron Temperature 

The simplest case to calculate is the one in which electron 
temperature is negligible throughout the acceleration region. Substi- 
tuting Eq- (5-2) in Eq. (5-1) and rearranging the results. 


16Bi dx = en V 
e o o 


1/2 


dV/(V - V) 


1/2 


(5-3) 
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With assumed a constant throughout the acceleration region, Eq. (5-3) 
can be integrated from the exhaust plane (V = 0) to obtain 

16j /Bdx = en V {2 - 2(1 - V/V . (5-4) 

e 0 0 o 

To facilitate comparison with other solutions, it is convenient to 
rearrange terms: 

j/Bdx/en^V^ ={!-(!- V/V^)^''^}/8 . (5-5) 

For integration over the entire acceleration region, to V = V^, the right 
side of Eq. (5-5) becomes 1/8. 

In practice, the acceleration process described by Eq. (5-5) might 
result from the continual collection of high energy electrons by, and 
emission of low energy electrons from, the walls of the acceleration 
channel. The electron temperature might also be maintained at a low 
value by excitations of ions and neutrals. In the latter case, however, 
one might also expect the assumption of negligible ionization in the 
acceleration region to be violated. 

Zero Initial Electron Temperature 
As another fairly simple case, the electron temperature can again 
be assumed zero at the exhaust plane, but then to increase as the 
electrons pass through the acceleration region. If energy is conserved, 
one would expect the electron temperature to be 


The Integral of /Bdx is assumed to have B normal to dx for the problem 
herein. If this orientation is not used, a cross product must be used 
in the integration, i.e., /5xdx. 
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T = 2V/3 . (5-6) 

That is, the energy gained in passing through a potential difference of 
V results in a rms electron temperature of 2V/3. Note that this 
approach ignores thermal conduction by the electron population. The 
assumed Bohm diffusion is believed to result from electron scattering 
by ion-plasma waves, which can be generated by much lower electron- ion 
drift velocities than electron-plasma waves. This electron scattering 
is usually orders of magnitude greater than the scattering due to **soft” 
or Coulomb collisions by other electrons. Yet the thermal conductivity 
of an electron population is a function mostly of these Coulomb colli- 
sions. The scattering collisions with ion-plasma waves tend to result 
in a much slower transfer of energy to and from the electron population. 
Ignoring thermal conduction by electrons thus appears to be consistent 
with the assumption of Bohm diffusion. 

For a nonzero electron temperature, the second term of Eq. (5-1) 
becomes important. The expression for n, Eq, (5-2), can be differen- 
tiated to obtain 


dn = n V ^^^dV/2(V - . 

o o o 


(5-7) 


Substituting Eqs. (5-2), (5-6) and (5-7) into Eq. (5-1) and rearranging 
the results, 


16Bj dx = en V 
*^e o o 


1/2 


-dV 


VdV 


(V^ - V) 


1/2 


3(V - V) 

O 


3/2 


)• 


(5-8) 
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Again assuming a constant throughout the acceleration region, Eq. 

(5-8) can be integrated from the exhaust plane (V = 0) to obtain 

j /Bdx/en V = {5 - 4(1 - V/V - 1/(1 - V/V )^^^}/24 . (5-9) 

e o o o 

This result is not as straightforward as Eq, (5-5). For example, 
integration of V to the limit of results in an infinitely negative 
value for the right side of Eq. (5-9). To illustrate the problem in 
more detail, Eq. (5-9) is plotted in Fig. 5-1, together with Eq. (5-5) 
for comparison. 

The values in Fig. 5-1 represent integrals from V = 0 to a particular 
value of V/V^. For the integration limit of V/V^ much closer to zero 
than unity, the two approaches (Eqs. (5-5) and (5-9)) give very similar 
results. As the limit V/V^ is increased, the divergence between the two 
approaches becomes greater. Both Eq. (5-5) and Eq. (5-9) include 
electron diffusion from the potential gradient (first term in Eq. (5-1)). 
But only Eq. (5-9) has a diffusion in the opposite direction due to the 
increase in plasma density as potential increases. Note that the assump- 
tion of zero electron temperature for Eq. (5-5) results in no such 
opposing diffusion. Due to this opposing diffusion effect in Eq. (5-9), 
less additional magnetic field is required to offset an additional 
potential difference at the same current density. The effect is propor- 
tional to electron temperature, so the difference between the two solu- 
tions increases with V/V^. (Note that from Eq. (5-6), T/V^ is propor- 
tional to V/V .) 

o 

At a V/V^ = 3/4, the opposing diffusion due to increasing plasma 
density exactly balances the diffusion due to potential gradient. 



V/Vo 
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Fig. 5-1. Comparison of theoretical solutions for acceleration region 
in steady-state plasma thruster. 
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An incremental increase in V/V^ at this point thus requires no additional 

magnetic field to maintain a given value of current density. Beyond 

V/V = 3/4, the solutions become double valued, which is clearly 
o 

unrealistic. 

In the derivations of Eqs. (5~5) and (5-9), the diffusion processes 
were assumed to be continuous. That is, the finite sizes of electron 
orbits were not considered. The physical expectation for Eq. (5-9), 
then, is that the electrons would pass from V/V^ = 3/4 to V/V^ = 1 by 
means of a single, collision-free orbit. Using momentum considerations, 
the magnetic-field Integral that can be crossed by this single orbit is 

/Bdx = (2m^/e)^'^^(2T^^^ + V^'^^^/2) , (5-10) 

where T is the electron temperature in eV and the potential difference 
from beginning to end of the orbit is V^/4. The rms velocity was used 
to calculate the contribution in Eq. (5-10) due to random electron 
energy. Having passed through a potential difference of 3V^/4, Eq. 

(5-6) indicates an electron temperature of V^/2 at the start of the 
orbit for substitution in Eq. (5-10). With this substitution, together 
with the electron charge and mass, the magnetic integral crossed is 

/Bdx = 6.45 X 10~^ . (5-11) 

The maximum value of abscissa in Fig. 5-1 (the start of the escape orbit) 


is 
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j /Bdx /en V = 0.0417 . 
'^e o o 


(5-12) 


Substituting for electronic charge and solving for the magnetic integral. 


/Bdx = 6.68 X 10 n V /j . (5-13) 

o o “^e 

It should be clear from Eqs. (5-11) and (5-13) that the escape orbit 
does not correspond to any particular fraction of the diffusion magnetic 
integral indicated in Fig. 5-1. It is, therefore, not possible to show 
the specific value of abscissa in Fig. 5-1 that is associated with the 
end of the escape orbit. 


Constant Electron Temperature 

The constant electron temperature case is the more general formula- 
tion of the zero electron temperature case. For a constant electron 
temperature, Eqs. (5-2) and (5-7) are substituted into Eq. (5-1), 


16Bi dx = en V 
'^e o o 


1/2 


-dV 


TdV 


(Vo - V) 


1/2 


2(V - V) 

o 


3/2 


(5-14) 


Integration upstream from the exhaust plane, again assuming a constant 
jg. yields 


j /Bdx /en V = 
'^e o o 


1 + ^ - (1 - 


T/V 


2(1 - V/V ) 
o 


1/2 


/8 . (5-15) 


The numerical results for Eq. (5-15) are similar to those from Eq. (5-9), 

in that results become double valued for V/V above a certain value. For 

o 

Eq. (5-15), the limit for single-valued operation is 
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V/V = 1 - T/2V . (5-16) 

o o 

Values for Eq. (5-5) = 0) Eq. (5-15) are shown in Table 5-1 

and Fig. 5-2. 

At first glance, the results shown in Table 5-1 and Fig. 5-2 
indicate that a potential jump may be expected for acceleration with 
constant electron temperature, similar to that shown in Fig. 5-1 for 
zero initial electron temperature. If the ions are assumed to come from 
a plasma at the start of acceleration, they should have an initial 
velocity corresponding to ion acoustic velocity (the minimum velocity 
found by Bohm for a stable plasma sheath). With this initial velocity, 
the ions will have gone through just enough preacceleration to avoid the 
dashed portions of the curves shown in Fig* 5-2, hence avoid any sudden 
potential jump* In most practical applications, a constant electron 
temperature can, therefore, be expected to correspond to a continuous 
potential variation throughout the acceleration region* 

Conserved Electron Energy 

The conserved electron energy case is the more general formulation 
of the zero initial electron temperature case. The electron energy was 
assumed to be conserved in the derivation of Eq. (5-9), but the initial 
electron temperature in the exhaust plane, T^, was assumed to be zero. 

The case of interest here is a nonzero initial temperature. The electron 
temperature as a function of local potential V then becomes 

T = T^ + 2V/3 * (5-17) 

Substituting Eqs. (5-2), (5-7), and (5-17) into Eq. (5-1) yields 
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Table 5-1. Solutions for Constant Electron Temperatures. (Equations 
(5-5) and (5-15).) Values of j^/Bdx/en^V^. 


V 

V 

o 

f = 0 

O 

II 

o 

T 

— =02 
0 

11 

o 

Co 

0.0 

0.0000 

0.0000 

0.0000 

0.0000 

0.1 

0.0064 

0.0061 

0.0057 

0.0047 

0.2 

0.0132 

0.0125 

0.0117 

0.0095 

0.3 

0.0204 

0.0192 

0.0180 

0.0143 

0.4 

0.0282 

0.0264 

0.0245 

0.0191 

0.5 

0.0366 

0.0340 

0.0314 

0.0237 

0.6 

0.0459 

0.0423 

0.0387 

0.0278 

0. 7 

0.0565 

0.0514 

0.0462 

0.0307 : 

0. 75 

0.0625 

0.0562 

0.0500 

0.0312 

0.8 

0.0691 

0.0614 

0.0536 

0.0305* 

0.9 

0.0855 

0.0720 

0.0584 

0.0179* 

0.09375 

0.0938 

0.0750 

0.0562* 

-o.oooo’' 

0.95 

0.0970 

0.0753 

0.0536* 

-0.0115* 

0.99 

0.1125 

0.0562*^ 

0.0000* 

-0.1688* 

0. 9975 

0.1188 

0.0000* 

0.1188* 

A 

-0.3562 

1.0 

0.1250 

* 

—00 

* 

— 00 

* 

—00 

ik 

These values 

are believed 

to be in a 

physically unrealistic 

operating 


regime. 
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16 j Bdx/en V 
e 0 0 


1/2 


dV 


T dV 
o 


VdV 


(V - 2(V - 3(V - 

O O r O 


(5-18) 


Integrating from the exhaust plane then gives 




j /Bdx /en V = I 5 + ^ - 4(1 - ) /24 

e o o V 2V^ 0 2(1 - V/V ^ 


(5-19) 


The limit for single valued results is 


V/V = (3/4) (1 - T /2V ) . 
o o o 


(5-20) 


Values for Eq. (5-9) (T /V = 0) and Eq. (5-19) are shown in Table 5-2 

o o 

and Fig. 5-3. 

A finite initial electron temperature, T^, is shown to result in 
the requirement for a potential jump, similar to that described in con- 
nection with Eq. (5-9) and Fig. 5-1. It is true that the magnitude of 
this jump decreases relative to V as T increases, when an initial 
velocity equal to the ion acoustic velocity is assumed. But the jump 

will still exist for all T /V <1. 

0 o 

Comparison with Experimental Results 

The value of the Bohm diffusion coefficient used herein is the one 
2 3 

most widely used, * 


D 


B 


T /16B , 
e 


(5-21) 


with T^ again in eV and B in T. Although this value has been used to 

3 

correlate diffusion data for a wide range of experiments, it should be 
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Table 5-2. Solutions for Conserved Electron Energy. (Equations (5-9) 

and (5-19) .') Values of j /Bdx/en V . 

e o o 


V 

V , 
0 

o 

II 

o| o 
H !> 

O 

1^- 0-2 

o 

^ =05 
0 

0 

0.0000 

0.0000 

0.0000 

0.0000 

0.1 

0.0063 

0.0060 

0.0056 

0.0046 

0.2 

0.0127 

0.0119 

0.0112 

0.0090 

0.3 

0.0191 

0.0179 

0.0166 

0.0130 

0.4 

0.0254 

0.0236 

0.0218 

0.0163 

0.5 

0.0316 

0.0290 

0.0264 

0.0186 

0.05625 

,0.0351 

0.0319 

0.0287 

0.0191 

0.6 

0.0370 

0.0334 

0.0298 

0.0189* 

0.675 

0.0402 

0.0355 

0.0308 

0.0167* 

0.7 

0.0410 

0.0358 

0.0307* 

0.0152* 





k 

0. 7125 

0.0413 

0.0359 

0.0304 

0.0142 



* 

k 

k 

0.75 

0.0417 

0.0354 

0.0296 

0.0104 



* 

k 

k 

0. 8 

0.0406 

0.0329 

0.0252 

0.0020 


* 

A 

A 

A 

0.8086 

0.0402 

0.0321 

0.0241 

0.0000 



A 

A 

A 

0.8944 

0.0260 

0.0130 

0.0000 

-0.0389 


•k 

A 

k 

k 

0.9 

0.0239 

0.0104 

0.0032 

-0.0437 


k 

k 

k 

k 

0.9173 

0.0175 

0.0000 

-0.0155 

-0.0620 


k 

A 


k 

0.9375 

0.0000 

-0.0188 

-0.0375 

-0.0938 


* 

A 

A 

A 

1.0000 

— oo 

— oo 

—00 

—00 


These values are believed to be in a physically unrealistic operating 
regime. 



0 


0.02 


Fig. 5-3. Solutions f 
exhaust-pla 
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kept in mind that it is only a semiempirical approximation and there is 
considerable data scatter. Perhaps more important, anomalous diffusion 
has been found to follow l/B relationships in a wide variety of tests. 
Further, if one accepts a l/B relationship proportional to Eq. (5-21), 
the results of Eqs. (5-15) and (5-19) should be expected to follow as 
qualitative consequences. 

The constant-electron-temperature solution, Eq. (5-15), does not 
depart significantly from our intuitive expectations. The solution with 
conserved electron energy, Eq. (5-19), is less obvious. A similar sudden 
potential jump at the positive end of the accelerating region, though, 
has been described in Soviet literature (see Appendix). The continuous 
potential variation of Eq. (5-15) is associated with a ’’hybrid accel- 
erator with closed electron drift,” which is normally translated as a 
’’Hall-current accelerator.” The version where the potential jump is 
encountered is called an ’’accelerator with anode layer,” with no 
equivalent type in U.S. literature. An experimental study was made in 

which both accelerator types were studied with essentially the same 

4 

experimental apparatus. (This Soviet paper by Bardadimov, et al., 
is included in the Appendix.) The only essential difference was that 
the insulator (item 2 in Fig. 1 of the Soviet paper) was included for 
the Hall-current accelerator and omitted for the anode-layer version. 

The presence of the insulator in close proximity to the accelerating 
channel would be expected to result in the collection of the higher 
energy electrons, and their replacement with lower energy secondaries. 

The presence of the insulator would thus be expected to correspond more 
to Eq. (5-15). Without the insulator, there would be a barrier of 
lower density plasma between the plasma in the accelerating channel and 
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any solid surface. The electrons flowing back from the neutralizer 
would thus be expected to reach a higher temperature before escaping, 
and the acceleration process would be expected to correspond more to 
Eq. (5-19). 

Numerical comparisons were also attempted. Using the Ar propellant 
points included in the table of Bardadimov, et al. , and assuming that 
they correspond to Fig. 5-3 and the 400 V points of Fig. 5-2, Eq. (5-15) 
was found to be about 10 times higher than the experimental electron 
back-flow for the Hall-current accelerator, and Eq. (5-19) was found to 
be about three times higher than that of the anode layer accelerator. 
Inasmuch as the tabulated data used represent the product of some opti- 
mization, it is perhaps reasonable that the experimental values are 
lower than predictions based on mean experimental electron diffusion. 

The sensitivity of operation of such accelerators to optimization is 
indicated in another paper by Ivashchenko, et al. 

Conclusions 

Solutions were derived for ion accelerators with closed electron 
drift. Two classes of solutions were found, depending on whether the 
electron temperature is constant throughout the acceleration channel or 
it is allowed to rise as electrons flow toward the anode. In the latter 
case, a near discontinuous jump in potential is predicted at the positive 
end of the channel. Details of the acceleration process (such as the 
initial electron temperature) do change particulars of the calculated 
results. But the existence of the potential jump appears to be a persis- 
tent phenomenon when electron potential energy is converted into random 


energy. 
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The continuous potential solution associated with the assumption of 
constant electron temperature corresponds, from the experimental view- 
point, to the Hall-current accelerator. The solution with a potential 
jump near the anode corresponds to the anode-layer accelerator, described 
in Soviet literature. 


J 
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VI . CONCLUDING REMARKS 


No reductions in discharge losses were obtained in any of a 
variety of bias experiments conducted with a multipole discharge 
chamber of an electrostatic thruster. This absence of any reductions 
in discharge losses was observed despite repeated demonstration of 
anode potentials more positive than the bulk of the discharge plasma. 

The most promising trend in these bias experiments was the reduc- 
tion of the penalty associated with biased anode operation as the 
magnetic integral above the biased anodes was increased. The obvious 
next step appears to be further bias tests with even higher magnetic 
integrals . 

The use of hollow cathodes with assembled construction, as opposed 
to welded construction, appears practical. This approach is particu- 
larly promising for larger cathodes at higher missions, where the 
thermal expansion problems would be more serious with the present 
welded construction. Successful operation without emissive oxide 
offers the opportunity for accurate analyses of the electron emission 
and heat flow in a hollow cathode. Operation without oxide also offers 
the possibility of more reliable starting in programs where repeated 
or prolonged exposure to air after operation is a necessity. 

As indicated in the Introduction, the study of the Hall-current 
accelerator represents a sharp departure from past work of this Grant. 
The experimental configuration of the Hall-current thruster that was 
tested had a uniform field throughout the ion generation and accel- 
eration regions. To obtain reliable ion generation, it was necessary 
to reduce the magnetic field strength, to the point where excessive 
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electron backflow was required to establish ion acceleration. This 
problem should be resolvable by using a nonuniform magnetic field 
strength, with ion generation restricted to a reduced field strength 
region. It also may be resolvable by the use of a more sophisticated 
electrode geometry in the ion generation region. 

The theoretical study of ion acceleration with closed electron 
drift paths resulted in two classes of solutions. One class has the 
continuous potential variation in the acceleration region that is 
normally associated with a Hall-current accelerator. The other class 
has an almost discontinuous potential step near the anode end of the 
acceleration region. This step includes a significant fraction of the 
total acceleration potential difference. This latter class corresponds 
to the anode-layer accelerator in U.S.S.R. literature. 



APPENDIX A 


The five summary papers included in this Appendix were selected 
to show typical Soviet technology in what, in the U.S,, would all be 
called Hall-current accelerators. These papers were presented in the 
IV All-Union Conference on Plasma Accelerators and Ion Injectors , 
sponsored by the U.S.S.R. Academy of Science, Scientific Council on 
the Combined Problems of Plasma Physics, Moscow, 1978. The papers 
were, in the order presented, pages 21-22, 25-26, 31-32, 35-36, and 
68-69 in the Proceedings. Assistance from William Lewus in the trans 
lation of these papers is gratefully acknowledged. 
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OB CTAJiMJJBHOCl’B IIAl'ilMIiA’POB <501WyiOiiiLM CTyTIEmi 

yCKOPMTEjBi C AKOjBiuIIvl GJIOM 


IlJ3aiuGiiK0 C.C., iVlaiuTUJieB H.A., TKa^ieiiKO B.A. 

B paOoTG [ l] liOKasaHO, ^to npii padose ycKopHTeJUi c 
GHoji^u:' cji'oew b kiiskobojilthhx pe^iA^ax ( woiioe 5003) naiuiajm- 
BaioTcn jKecTKne TpodoBajiiiH iia CTadiuiBiiocTB riapaweipoB MariiXT- 
iiOH ciiCTeMLi, (i)opMiipyioineM CTyneiiii, ycKopniouieM CTyiieiiH ii pacxo- 
j^a MOHKoodpasyiouiero waTepnajia ( b ^;aHKOM cjiy^iae - iieBint). Ooo- 
deiiHO KecTKiio orpoHii^ieHHH HaKJiaflHBaiOTCH Ha napawoTpu $op;.«ipyio- 
meti CTyneK:!. yweiiBuiGHiie toko Ha BejBiH;iny dojiee ot HOf.tiiHajiB- 


Horo 31-iaHeHiiH npHaoiBii k cpHBy ycKopHTajiBHoro pem-U/'a, a ysejm- 
HGiij'ie TOKa B (popwiipyiciuGM cTynemi npnBO,ri7iT k 3HaH>iTeJiBi:owy bob- 
pacTaKKio TOKa yTGHKiT iia nojiroca waruHTHOilr cHCTei.iu :i, cjie.c;oBa- 
TG.TBHO, CHHKeiniio gcTotgktiibhocth padoTH ycicopnTGJiH. 13 cjiyHae 
np7iiv:eHGHKH HCTOHHHKOB IJHTaHiTH C aKTHBHLir/iK daJIJiaCTHHMII OJIGMOH- 

Towi: BHflepy^TB TaicKe secTKiie TpedoBaHnH no CTadJiJiBiiocTH napa~ 
r'OTpoB cpopi'.nipyToinGH CTynGini j^obo/iLho aaTpyfl^niTejiBiio. Anajina yc- 
yCTOi'iHHBOM COBMGCTHOH padOTH yCKOGHTeJM K CHCTeWH BJIGK- 
TponnTamui noKaatmaeT, hto .hijih ^;ocTin{GKiiH MaKciuviajiBHOv; ycTon- 
HTiBocTi-i no $opMnpyiomeH CTyneHii ycKvOpKTejiH c aiiojum/. cjioew kg- 
odxo.rHn.'! 0 , HTodii bhgiuhhh xapaKTepiic Tinea CHCTewH GJiGicTponriTa- 
HHH COOTBeTCTBOflaJia HCTOHHHKy TOKa. SKCnepiII/GHTaJIBHO npoBepe- 
Ha padoTocnocodHocTB ycKopiiTejui c anosHKiM cjiooi.t npii iiKTaHiiii 
^opwiipyiouiefi CTynemi ot jinyx hctohhiikob c BHeiiiHHj'yjH xapaicTopiic- 


THKawH, npiiBejneHHmOT iia piic.I h piic.2. ITpii niiTaHHH ^opwnpyio- 
inei: CTyneHi'i ot iiCTOHiiiiKa TOKa (piic.2) OTMeneiio anaHiiTejiBiioG 
noBHiiiGHiie ycToMHHBoii padoTH aceii cHCTewH. 



Q25 0,5 0.75 Ids. 

Puc.i 




0 0,25 0,5 0.75 Ml. 

Puc.2 ^ 


JIi'iTepaTypa 


I. .HBameiiKo C.C. jHapinJiK A.C. ,TicaHeHKO B,A. .liinni-uiOB lO.B. 

’’OcodenHocTH padoTH ycKopiiTe.’W c cjioeu b hiiskobojibt 

Hux peKHMax". TeancH ji:aHHoro cdoproiKa, 
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ON INCREASE OF STABILITY OF PARAMETERS FOR IONIZATION STAGE OF 
ACCELERATOR WITH ANODE LAYER 

S. S, Ivaschenko, N. A. Mashtylev, and V. A. Tkachenko 


In the work of Ref. 1 is shown that during the operation of the 
accelerator with anode layer in low-voltage regimes (less than 500 V) 
there are imposed close requirements on the stability of the parameters 
of the magnetic system, which forms the acceleration of the stage and 
the discharge of ion-forming material (in this case cesium). Particularly 
close restrictions are imposed on parameters of the ion generation stage. 

A decrease of current at a value more than 2% from the nominal magnitude 
causes a breakdoTO of the acceleration regime, and an increase of the 
current in the forming stage causes considerable increase of current 
loss on the poles of the magnetic system and, consequently, a reduction 
in effectiveness of operation of accelerator. It is rather difficult 
to maintain such strict demands for stabilization of parameters of the 
ionization stage using power sources with active elements. An analysis 
of the conditions of stable joint operation of the accelerator and the 
system of the power supply shows that to attain the maximum stability 
for the ionization stage of the accelerator with an anode layer, it is 
necessary for the external characteristics of the power suppy system 
to correspond to a current source. The working capability of the 
accelerator with an anode layer using the ionization-stage supplies from 
two sources with (different) exterior characteristics, has been proven 
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experimentally and is shown in Figs. 1 and 2. With power supplied to 
ionization stage from current sources (Fig. 2), there is noted a sig- 
nificant increase in the working stability of the entire system. 


References 

1. S. S. Ivaschenko, A. S. Parschik, V. A. Tkachenko, and Yu. V. Shipilov, 
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In Fig. 1 and Fig. 2 (Phc. 1 and Phc. 2), I, /I and U./E are the 

(j) o 9 o 

relative current and voltage of the discharge of ionization stage. 
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XAPAKTOP;4CT/IK;'] O^lIOCTynEHyATOPO YCKOPHTEJIH G 
AHO^HblM CJIOEM HA HE3HH 

B«!/I.rapKyiua, B.C,.Epo$eeB, E.A.JInnwH 

C.n.HyrMHa 


B KacTOFiineH pacJoie iipeflCTaBJienH xapaKTepHcrHKn osHOOiy- 
nemiaioro ycKopuTOJin c aHOflUUM cjiogm, wcnojiLayiomero b HaqecTBe 
paCo^ero BeuieciBa ueaviH. CxeMaiOTecKoe MsodpaseKwe MOTieJin m 
cxei.ia 3JieKTponi/iTaHiiH npHseTienu na puc, I, B Ka^ecise Kaioaa 
Ha Bwxofle ycKopxTejin McnojiBaOBajiHCL jimCo npfiMOHaKaxBHan 
BOJiBrnpaMOBan hhtb, jihO’o cneunariBHufl nojiuil Kaioa, laK/se pacJo- 
TawiHiiii Ha aeaiiH. B cjiyqae BHK:Kio^ieHHoro KaTOfla MWHHMaJiBHoe 
paapHAHoe HanpH:iceHMe cocTaBJiHJio '** 200 B, WcnoJiBaosaHiie Kaio- 
;;a nosBOjmjio chh3htb nanpHseHHe MGHee ^gm ;50 20 B, XapaKTGpnc- 
THKM oAHOCTyneHqaToro aKcnajiBHoro ycKopwTGJiH HCCjiGAOBajiHCB npn 
H3MGHGHWH paapH^HOrO HanpHJKGHHfl Up OT 20 flO 200 B, MarHMTHO- 
ro noriH H ot 0,005 0,04 Tji 

npH 3T0M pacxofl paCoMcro bguig- 
CTBa noa;z^ep>:aiBajiCH nocTOHHULiM b 

TG^GIIMG BGGrO 3KCnGpHMGHTa. B 

ocHOBHOM pafioia npoBOflHjiacB npn 
pacxo;[ie paConero BeinecTBa b to- 
KOBHX GflMHMUax I-f3 A, HO B pHflG 
CJiyMOGB OH ^OBOflHJICfi flO 10 A, 

npH 3T0M xapaHrepHCTMKM ocia- 

BajiHCB aHajiorH^HbJMH, 

BojiBT-aMHGpfiaH xapaHTepMC- 
TiiKa OBiHOCTyneHMaToro ycKopHTGJiH 
npGflCTaBJiGHa na pnc. 2. B oOjiac- 
TH HanpHKGHHM MGHGG 100 B BOJIBT- 
-aMnepHaH xapaKTepucTMKa naaaio- 
man x tok paspnaa b flsa w do- 
JiGG paaa npGBwmaGT BGJixMXHy pac~ 

xoaa. Hpx HaiipHJKGHMx doJiBuiG 100 B paapH^^HuK tok cxado saBUCXT 
OT HanpHWGHXH H OTHOiuGHXG paspflflHoro TOKa K pacxo;5y Ha stom 
ytiaCTKG COCTaBJIHGT 1,5. 

Ha pxc. 3 npXBGaGHa SaBMCXMOCTB CpeSHGlviaCCOBOH CKOpOOIH 



Pwc. I 

I-napopacnpGflGJiMTGJiBHaH 
ifaMGpa, 2-anoA, 3-nojiiocHbie 
3KpaHbi, 4-KaTyiuKa, 5-MarHx- 
TonpoBOfl, 6-KaTOfl. 
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MOiiOB OT pa3pn;.uioro nanpnKeHMH iip^i 
pasantniux pacxoaax pa(5oqero Beiueci- 
sa. Paao'poc siia'qeuHri cpe,qHeMaccoBoM 
CKopocTx OT aKcnepi-iMeHia k ancnepi^- 
MGHTy COCTaBJlHOT MOHee I0‘^ Ha 3 T 0 M 
}KG pucyHKe noKasaHa sasHCHMOCTL 
TeopeTH^ecKoro ana^eHiiH cpeflHeMac- 
coBOii cKopocTM OT paapfiflHoro aanpa- 
HeH/iH, Kan bji/iho, nojiyqeHHaa ms 
3Kcnep;iMeHTa cpenHeMaccoBaH cko- 
POCTB dJIMSKa K TGOpeTM^eCKOMy 

SHa^enMK) H K.n.fl. ycKopeHMH coc- 
TaBJiHOT 0,75-50,87, T.e. odpasyio- 
mueCH MOHbl yCKOpHIOTCH SJieKTpMMeCKMM 
nojiCM c 00 Tue TO TByroupiM (0,75-50,87) ///? . 

B xone MccjieTioijaHi/in o'buia ciiHia saBnCMMocTB Ip m cpepiHC- 
MaccoBOii cKopocTM or MarnMiHoro nojin. Ohm cymecTB 8 HH 0 sobmcht 
or BejiMMMHU ManiMTHoro mojih m MweioT oniMMyM npM KeKoropoM 
snaMeHMM 3 to oniMMajiBHoe SHa^eHMe b MccjiesyeMOM /ixana- 

30H6 paapflflHoro HanpaKeHMH MSMeHneiCH b npeaejiax ot 0,005 
flo 0,025 Tji. 

V'IS 

IS 

10 

5 


0 



m 


200 llp.S 



Pmc. 2 

I-BOJiBT-aMnepHaH xapaK- 
repMCTMKa, 2-pacxofl 
pa(5o^ero BemeciBa 
4 =2,1 A. 


Pmc, 3 

I-pacMeTHan KpMBan, 2-3KcnepMMeHTajii>HaH 
KpMBaa (X - /? = 2,1 A, - $ =1,76 A, 
- 5 =1,43 A ). 
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CHARACTERISTICS OF SINGLE-STAGE ACCELERATOR WITH ANODE LAYER ON CESIUM 


V. I. Garkusha, V. S. Yerofiev, E. A. Liapin, and S. P. Chugina 


In this work are presented the characteristics of a single-stage 
accelerator with anode layer, which uses cesium as a working material. 
The schematic representation of the model and the power-supply scheme 
are presented in Fig. 1. As a cathode at the exit of the accelerator, 
use was made either of a directly heated tungsten filament or of a 
special hollow cathode, also working on cesium. In the event that the 
neutralizer was turned off, the minimum discharge voltage constituted 
about 200 V. Utilization of a cathode permitted a reduction of this 
voltage to less than 20 V. Characteristics of the single-stage axial 
accelerator were investigated with a variation of discharge voltage U^ 
from 20 to 200 V, of the magnetic field H from 0.005 to 0.04 Tesla, with 
the consumption of working material maintained constant in value for all 
of the experiment. The work was mainly conducted at a flow rate of 
working material in current units of 1 to 3 A, but in a number of 
cases it was brought up to 10 A, with the characteristics remaining 
similar. 

Volt-ampere characteristics of single-stage accelerator are 
presented in Fig. 2. In the region of voltage less than 100 V, volt- 
ampere characteristics are decreasing and the current of discharge is 
two and more times greater in value than the f low. ^ With a voltage of 
more than 100 V, the discharge current depends slightly on voltage, and 
the ratio of discharge current to flow in this range is about 1.5. 
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In Fig. 3 is presented the mean-mass velocity of ions as a function 
of discharge voltage for different flows of working material. The 
spread of values for mean-mass velocity from experiment to experiment 
constituted less than 10%. This drawing shows the dependence of theo- 
retical value of mean-mass velocity on discharge voltage. As is seen, 
the obtained mean-mass velocity is close to the theoretical value, and 
coefficient of useful operation constitutes 0.75-0.87. That is, the 
ions generated are accelerated by means of an electric field corresponding 

to (0.75-0.87) U^. 

d 

In the course of the investigation was gathered the dependence of 
I^ and mean-mass velocity on magnetic field. They essentially depend on 
the value of the magnetic field and there exists an optimum with some 
value This optimum value in the investigated range of discharge 

voltage varied from 0.005 to 0.025 Tesla. 


In Fig. 1 (Phc. 1): 1 is the gas distributor, 2 is the anode, 3 
are the pole screens, 4 is the magnet winding, 5 is the magnetic circuit, 
and 6 is the cathode. The left-hand power supply in Fig. 1 is the 
discharge power supply. In Fig. 2 and Fig. 3 (Phc. 2 and Phc. 2); 

I^,A and discharge current I^ in Amp and discharge voltage U^, 

in V; while V in cm/c is velocity V in cm/ sec. In Fig. 3, 1 is the 
calculated curve and 2 is the experimental curve, while Q is the flow 


rate in A-equiv. 
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0 ii/lFiPABilErMH liO/iA^i P/SO'iSrO 3Sa(SCT3A 

liA XAPAi{^EPHCaW{^I PASP^A C AI-I0IJ,?LL'4 GTiOK/i 

B.K.KajiauiHUKOB, K).B.CaHo^i<'/iH 

DKcnspi'iMGHTajibf-iiiiG HOC JS^PBamifi CBOi'iCTB BJLH paspHfla c 
GcuMKHyTL!:.! ^i,peft(!.'OM GJEKTpoHOB jrKa3HBaiOT, UTO HanpaBJiGHKG noflami 
paCJotiero BGiuiGCTBa •cya^GCTBG?iHO bjmbgt i-ia CTp.yKT,7py aHop?-ioro cjioji 
/ 1, 2/. iloflpodHGG Ksy^GH paspafl b ycKopwrejiax, rj\Q nop;aqa BGi^ecT' 
Ba ocyiii,ecTBJi^ieTca ^epea anofl (cjiyi^afi A). OdpaiHHi! cjB/^aii no^a^ 
(cjiy^aw B) TGopeTiwecKn MccJB;],OBaH sHa^^TejibHo cjiadee. HoaTOMy 


npG;;c'raBJi'iGT Hii'i’epec peuGi-iHG safla^i fljui cj^/^aeB'- A,B k cpaBrieHMG 
pesyjibi'aTOD. PaccMOTi)eHMe rrpOBO,unjiocb b ffl'icpiys’/iotiHOM npi-idjin^'e- 
HH7i. /“Jlf-I A HCnOJIbSOBaJiaCb CWCTCMa ypaBHGHHfl H rpaHM^bDC yCjlOBHft 
/3/, B OHM MGIOT CJIGAyiOiy-li^ BM^: ^ ^ 


. ‘il3. 


ds 


ds 


■t - fle-fli 

S, 


V /i-z-'i 



/■ JL S 

t(°)= t'{o) j\(o]=0^ 0. 

PGIiiGHMG AaJK) paCnpGASJBHMe no c;dio oc~ 
HOBHHx xapaitTepMciMK paspHAa m hx navie- 


HGHMG C pOCTOM paCXOAa A-®I paSJMHHbLX BG- 
laitiMH MaraHTHoro nojK. Ha’ pncynKax cnjDiii- 
HHG JMHHM COO TBGTCTByiOT CA/'HaiO B, nyHK- 
TXpHLiie - A, IHTpMXnyHXTMpHHG “ B, HO c 
y-qGTOM pOaJIbHOCTM ITpOU,GCCOB - SaBMCMMOC- 
TM ^aCTOTH MOHMSailMH OT GHGprMM OJBKTpO- 

HOD, no'repb aneprMM ojigktpohob m HajMHiiH 
odjiacTM cpuBa y aHOAa. Ha pMc.I Aai-iH 
pacnpGAGjTGHMH /7< (xpMBaa ,1) m /?i(KpKBaH 
.2) B SaBHCMMOCTM OT nOTGHUMajia ^ A-^'^ 



X =0,2 'A ^ =0,3, TiiriK^iiiue b mviixjKOM ;5ianaBo:;c HBNiGiieHUH napai«eT' 
poB ^ H ys . Ha pxc.2 ^ 0 Ka 3 a^^t^ npoi^iuct noi’Oica j\:m 

pd3JVimiL< y5 Ha KpMBbIx). B CJf/^CyS B IviaKC/LVB^-^/I KOHU.eHTpail^^i^ 

A '^«3 iiaqajc caoH m nosTOMy sflecb pea^nsyioTCH vcjdbmh ajih Ha- 

MdOBbUiefi CKOpCra /lOHMSaUJ'M . C pOCTOM 

pacxo.^a odjiacTb, b KOTOpoi^ HOi-mayeTCii 
OGHOBIiaii yaCTb H0?iTpa.7£)B, B OTJ^tlMG OT A 
CMemaGTCH K Ha^ajiy cjioji. Kpoiie ToroiHiia- 
Kaa onepran sjbktpohob b Ha^ia^iD cjtoh m 
MO iiOTOHHoe ydjJDaiMe So^pJ {u/ic.3, i^wfnpbi 
Ha KpiiBHX - sHa^eMMH ^ ) ,yita3UBaioT r-ia 
TO, ^iTXD ytjeT peajTbKOCTH BHneynoM^iH.yTLix 
rrpou,eccoB ajh B fiojee sa'ieH. Pac- 

tiOTH, EpBefleHHHe c MX ytieTOM noATBepx:- 
AOiOT 3T0 , jiaBaa s*HaMei-rMH 2 -r 3 m 

cpeff-ieii oHeprMM ajsKTpoHOB 0,2. 

OjISKTpMtieCKOe nOJlO £ M OJBKTpOHHbiri 

TOK y# B cJTf^qae B pacTyT ^HCTpee m y 

0 1,0 (i ano;;a MMeroT O'oabmiie BejBixciHti b uinpoKOM 

Puc. 3 

^^^anasopie ^qi'iceji ys . AHajsis pe 3 ,vibTaT’ 0 B noicasHBasT, ’^to nepe- 
Mena HanpaBJBiiHH noflaqi'i bhocht pn;; cyinecTBSirriKX HSiieHeHMji 3 
CToyi^Typy aHojporo c^dh. 

1. H.A.KfipBaji'iuiBMJM, A.B.mapMHOB. XapaitTepMCTKK'/i paapH^a hhskopo 

B nonepexipioM MamunroM nojs. BTQ, 35, BHn.12, 1965. 

2. IljiasMeHiiHe ycKoppiTOJiM c saMKHyTKM ppeKipoM. i.IaTepHaJH H Bce- 

C0103HOM KOPKi). HO DJiaSI^ieHHLlM yCKOpHTO JIHIvI. MmHCK, H3fl.MH-Ta 
qJMSMKM AH BCCP, CTp.I26. 

3. B.C.Epo^iieeB, lO.B .Cano^tMH, C.C.^MJMnnoB. ripMaHojj^iHM sneKTOi-i- 
qecKMx cjDM B paspHfle c aaMirnyTtc^ xojudbckim TOKOM.Ili4Ti5,5,69. 
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THE EFFECT OF DIRECTION OF SUPPLY OF WORKING MATERIAL ON 
CHARACTERISTICS OF DISCHARGE WITH ANODE LAYER 


C. D. Grishin, V. K. Kalashnikov, Yu, V, Sanochkin 


Experimental investigations of the properties of E x H discharge 
with closed drift of electrons indicate that the direction of supply of 
working material essentially affects the structure of the anode layer, 
Refs, 1 and 2. Detailed study was made of the discharge in accelerators 
where the flow of material occurs through the anode (case A) . Reverse 
case of supply (case B) has been theoretically studied significantly 
less. Therefore the answer is of interest for the problem of cases A 
and B, and the comparison of results. The treatment was carried out in 
the diffusion approximation. For A, use was made of a system of equations 
and of boundary conditions, Ref, 3, for B they exhibit the following 
appearance: 


d n /. 2 2 . dn \ 

H — :r = n -n. , q = / 1 . -N , j = qn — , N = q(s ) , 

j 2 e ^ o ’ '^e ^ e ds o o ’ 

ds 


^ ^ q*n ds’ ^ o , M _ ^ 1/2 

n. = 3 / s B = — (tt^o.v ><o V >) 

0 ) 2m 1 e o e ’ 

e 


s /ri ’ -n+e 


/ A ^ .3/2 

raw / B(|) \ 


H = 


1 e 


47te imv 


<a V > 
o e 


1/2 
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n(o) = n-(0) = 0, jg(o) = 0, = 0 . 

% 

The solution gave the distribution over the layer of the fundamental 
k characteristics of the discharge and their variation with increase of 

discharge for various values of magnetic field. In the illustrations 
the continuous lines correspond to case B, the dashed lines to case A, 
and the dot-dash lines to case B, but with account taken of real 
processes - the dependence of ionization frequency on electron energy, 
and existence of breakdown at the anode. In Fig. 1 is given the dis- 
tribution of n^ (curve 1) and of n^ (curve 2) in terms of potential r\ 
for H = 0.2 and 3 = 0.8, typical for a wide range of variation of 
parameters of h and 3. In Fig. 2 are shown profiles of neutral flow 
q(n) for various 3 (numbers on curves). In case B, the maximum con- 
• centration of n^ and n^ is in the beginning of the layer, and therefore 

here is realized the condition for the greatest rate of ionization. 

With increase of discharge, the region in which the majority of 
neutrals is ionized, in contrast to A, is displaced to the beginning of 
the layer. Apart from that, low energy of electrons in beginning of 
layer and mono tonic decrease of s^(3) (Fig. 3, numbers on curves are 
values of h) indicate that the effects of the above mentioned real 
processes are more important for case B. Calculations carried out with 

the inclusion of these effects confirm this, giving values of s 2-3 

o 

and mean electron energy of '^^0.2. The electric field E and electron 
current j^ in case B increase more quickly and at the anode exhibit 
^ greater values in a wide range of quantities than of 3* Analysis of the 

results shows that change of the direction of supply brings about a 
sequence of important changes in the anode layer structure. 
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■ ■’E /ICCJiFJi03;\Iii^'I PACnpEJlEJiK-MI IL'iPAi/ETPOB 3 K;\li.UIE 


ys/in 


A./'!.ByrpoBa, B.C.BopcopioiH, B.K.XapqesHMKOB 

?acnpei;2JieHHH KOi:ii],eHTpaJiHM He m TeMnepaTypn 7c oJieKT- 

poHOB, a T;:iic;:ve noTe.npu'uta nJiasMiJ '^Fn vi3:<:e'pruTACh c noiioii^bio 
3JieKTpocTa?iwecKoro so'i-wa no CTannapTHon cxe?*ie. TopuieBOH sohh 
ycTanaBJi/iBajica na pasJinnHHX paccTonHXHX ot aaoi^a x c noMOii^bD 

Koopii.xHaTHoro ycTpofiCTsa nepewemaJiCH no pannycy wojiejiH. 

<1 

3oHii,OB3i0 BOJibTaMnepHHo xapaKTepHCTi'iia^ odpadaTHBajixcb cor^iac- 
Ho ivioTO^inK npe/fJiO/icei'iHHx b padoTax /la/. 

Kaj{ K 3 B 0 CTH 0 , MeTO,£[ 0(5pa(50TKX 30Hj;0B0X XapaiCTepHCTHKX no 
Boijy npmeHVM b tom CJiy^ae, Kor,q;a TewnepaTypa 71 6ojihnie tom- 
nepaTypH hohob Tc . J^anuHe ycjiOBUH codjnop;aioTca b oi5i[acTi'i Ka- 
Hara (5 jiw3Kom k aHOfly. 3 30He M0HH3ai;xn mohh Ha(5npaiOT OHeprnro 
nop.aiiKa noTeHu;xajia h cooTHomenne Te^Ti ne BnnoxHaeTc:i. 

fiOBTOMy B BKLXOflHOft MBCTW KaHajia BOJIbTaMnepHHI0 XapaiCTepnCTXKX 
30H;ra 6ium oCJpaSoTaHH no MeTOnxKe, npeflaoaeiiKox JlappawdyaaoM n 
COHXHOM. 

143 anajinsa Kpimux pacnpeneJioHXH TewnepaTypii h KOHi^eirrpaiJtxH 
ojiGKTpoaoD no A-’ii'iiie Kaj-iana (;pMr.I) cjieijyeT, mto He n 17 
npxHmia'OT OKCTpewajibHue 3Hauei-inH, noJioaeHXH koto pax saBwoaT ot 
pesinwa pa<5oTH Monejin. 

XapaKTepHOvi ocodeHHocTbio HBJiHeTca noKOTopoe CMemeHxe mbkch- 
MBJIbHHX SHaMeHXil he no CpaBHeHHX) C MaKCHl-iajIbHKSlX SHaneHXBMI'I 

rp 

I e B oojLacTb (5oJiee yflajienHyio ot anona. 

MaKCHMajibHoe sHaneHne TOMnepaTypn ojioktpohob onpejUeJiaeTCH 
HanpHKeHxeM paspana n c yBejinMenneM Uf> sHaneHXH 71 yse^ix- 
MKBaiOTca. PacnpeneJioHiie TexinepaTypn sjieixTpoHOB no panxycy mo- 


■k 


¥ 
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cs'^T.eTe^’ibcTByeT o6 ysojiKtieinsM Tc b6jiv.2'a snyTpeHMeii CTen- 
k;i KcUB'ijia. 

riyiiKTiipricr/iH JB'j-iiiriMii na vi-ir.I noKaaaHo pacnpe;];e;iGHne Koni:;eHTpa- 
iltni G^iGKTpoHOB, noJiy^GMKoe npii o(5pa<5oTKe E0;ibTa;'.2iepH0>i xapaiCTepwc- 
TXKii soH^^a no Jia^)pa:.:(3yaGy. B/^ho, ^to b otom CJiytiaa b Bbrxo;iHOii 


uacT/i KaHfOJia KOHLi;eHTpcu.piH ojieKTpoHOB nueoT (5o;iee nojiorn^ cna,i5 n 
(5oJibijyio aCooniOTiiyio Beai-Bn-n-iy. Ilpn otcm odJiacTb MaixcmjajibHHX BHaue 




H'.in /1e eme donee ciieii(aeTca k cpesy. cpaBHenwH cnnouiHOfi jik- 
Kxeii odosnaueHO pacnpeneneuxe KOHi;eHTpai;ira[, nonyyoHHoe no Bo^;y. 
Toiifca'An OTMecieHH pesyjibTaTbi BLPMCJieHnx fie n Tc no iJyHKUiin 
pacnpeneneHUH eneKTpoHos (^P3) no OHepri-uai. ^3 dujia nonytiena 
HBOXHLLM pannoTexHiwecKH!^ ,D;n>|)(pepeHiinpoBaHMeM soHijOBOii xapaKTepnc- 
TWKH /3i / . 

noTeHi^naji nnasivOi paccnuTHBajicn mb bohj^obhx xapaKTepncT/iK h cpas- 
HUBancH c peByJibTaTaivm, nonyqeHHbciM ropanxM bohuou. KapTima bkbk- 
noTeHunanbHHX nnHKil npe,iiCTaBneHa na $iir.2. Pacnpe^eneHHe noTeHi^na- 
Jia njiasMH no hjikhs xaiana noxaaajio, ^to ero BennmiHa HesnauHTeJibHO 
MSMei-IHeTCH RO 30HU HOHXBaUMM. B 30He H0HK3aL;HH npOHCXOfliHT cnan no- 
Tem^nana h na BuxoAe Kan ana Yli MweeT sHatieHHH nopa^Ka 25-40 b. 

1. .Dt^OtHOCTUKO HAI\6Mht" hog. peg. XaggCTOi/Ha P. ^ MOCKEtC! 1967 1. 

2. Sonin /4AJ/1 ^oilznat n 1366. 

\ A.U S^zpoaa u ^p. J[[ &cecof4>i;^. koh<p. ho ni\apmHy^biM 'jacopuTe/^^H,H^HCK 
13^4. 
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PROBE INVESTIGATION OF THE DISTRIBUTION OF PARAMETERS IN THE 

CHANNEL OF UZDP* 

/ 

A. I. Bugrova, V. S, Versotskii, and V. K. Kharchevnikov > 


The distribution of concentration n^ and of temperature of 
electrons, and also the potential of the plasma (1)^ was measured with the 
aid of an electrostatic probe of standard design. The end-facing probe 
was mounted at various distances from the anode and with the aid of a 
coordinate mechanism was displaced over the radius of the model. 

Probe volt-ampere characteristics were processed according to the 
procedure in Refs. 1 and 2. 

As is well known, the method of analysis of probe characteristics 

of Bohm applies in the case where the temperature T^ is greater than the 

temperature of the ions T^. These given conditions are observed in 

the region of the channel near the anode. In the zone of ionization, 

ions gather energy approximately with the potential, and the relationship 

T >>T^ is not carried out. 
e i 

Therefore in the exit region of the channel, volt-ampere charac- 
teristics of the probe were processed by the procedure proposed by 
Laframbois and Sonin. 

From the analysis, of curves of temperature and concentration 
distribution over the length of the channel (Fig. 1) it follows that 


UZDP is an accelerator with closed drift of electrons and extended 
acceleration zone. 
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and assume experimental values, with status which depends on the 
working regime of the model. 

As a characteristic feature there appears some displacement of 
maximum value n^ by comparison with maximum values in the region more 
remote from the anode. 

Maximum value of electron temperature is determined by electric 

stress of the discharge and with increase of the values of are 

increased. The distribution of electron temperature over the radius of 

the model indicates the increase of T near the inside wall of the 

e 

channel . 

The dashed line in Fig. 1 shows the distribution of electron con- 
centration, obtained during analysis of the volt-ampere characteristics 
of the probe by Lafrombois. As is seen, in this case, in the exit 
region of the channel, the concentration of the electrons has more of a 
gentle fall and a more absolute value. In this case, the region of 
maximum values of n^ is still more displaced at the edge. For com- 
parison of the solid line, there was designated the distribution of 
concentration, obtained according to Bohm. Dots mark the calculated 
n^ and T^ by function of the distribution of electrons (FDE) by energy. 
FDE was produced by double differentiation of probe characteristics 
(Ref. 3). 


The potential of the plasma was calculated out of probe charac- 
teristics and compared with the results obtained with a hot probe. The 
picture of equipotential lines is presented in Fig. 2. The distribution 
of plasma potential over the length of the channel shows that the 
variation changes insignificantly up to the ionization zone. In the 
ionization zone there occurs a decrease of potential and at the exit of 

the channel d> exists at values of about 25-40 V. 

P 
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-3 “1 

In Fig. 1 (Phc. 1), the electron density n^ in cm (cm looks 
like a mistake) and in eV (T^, 3B) are plotted against Jl in mm for 
a mass flow rate ra of 2 mg/sec of xenon at a discharge potential U, of 

Q 

220 V (U^ = 220 B) . In Fig. 2 (Phc. 2) equipotential lines at constant 
voltages (B) are plotted in terms of radius R in mm and length £ in mm. 



139 


n 




rac3p;i^iHtiii ycKopwrejiL c sawiKByTHM ^^peii(|iOM ajieKTpoHOB 
H.A Eap^iajOBMOB , A.B. MBamidiH, JI.B, JIsckob 


A.B. TpO$KMOB 

B padoTG npHBOAfiTCii peayjiLTaTH 3Kcn8piir»ieHraJiLHoro HccJieflo- 

BaHHfl radpjaAHoro ycKopHTeJia o saMKHyTtiM fl,pefi$OM ajieKTpOHOB 

(ysjir) H ;iaHO cpaBHeHna c pado«n xapaKrapHCTHKaMU ycKopiiTeA:^ 

c anoAHUM cJioeM ojinocTyneH^aToro Tana (yAC). 

Cxeivia KOHCTpyKUHH SKcnepiiMeHrajiLHoa MOAe;m ySJir noKasana 

Ha Phc.I KoMneHcaiiHH od'LeMHoro 3 apn;i;a hohob na Bbixoae ycKopiiTe- 

*» 

m npoHSBOBHJiaci) npH noMoma nJiasMenHoro ueaaeBoro HeiirpaJwaaTO- 
pa. yAC OTJHwaJiaci) ot MOfleJia ySJO?’ tojilko OTcyrcTBaeM AH- 

aJleKTpHHGCKHX BCTaBOK 2 ,n 03 T 0 My AMHa yCKOpHTGJIBHOrO KaHaJia 



Pnc.1 1 - bhoa; 2 - Aita^eKT^-' 
pKqecKMe BCTaBKH; 3 - KaTOA«. 


^0 


1.0 


200 ^00 600 

Phc.2 B a. X paap^ifla. 

0,84Mr/ceK; 
3,4-'Hzj m = 0, 35Mr/ccK. 


Oplo r~7i i i 

f-l — X 1 1 

u 

X 1,4 - 9/?c 

/ 2,3-y3£z>r 

2 1 1 



yAC cocTaBJiH^a -CMM.IViQSOjiGKTpoAHHii aasop aHOA-Kaioffii Imm, 

Mcc;iGAOBaHHH MOflGJM ySJO? npOBOAHJWCL" C UGJIBIO npOCTpaHCTBGH- 
Horo paa^GJlGHUH 30H HOHHSaijHH H yCKOpGHHH B OAHOCTynGHHaTOM 
ycKopHTGJiQ.c T6M hto(3h npudJiHSiiTB GPO xapaKiGpiicTHKH K pesyjiB- 
TaTaM,A.ocTiirnyTtiM Ha AByxcTynGHqaTOM yAC I . KpoMG Toro, hgko- 
TopoG yBGJiHqeHHG odme:^ ajihhh ycKopnTe;n>Horo KanaJia 3a chgt 
A viaJIGKTpHHGCKHX BCTaBOK 2 AOJ^HO CnOCOdCTBOBaTB yBGJKIHGHHD B6- 
pOHTHOCTH H0HH3an;HH padOHHX TGJI C MaJIOM aTOMHOii MaCCOil - 

H B ycKopHTGJiG c aHOAHHM c;i06M AJWHa ycKOpHTGJiBHoro Kana- 
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Jia cocTaBJiHOT nopiHAiaci/ HBJBieTCH ^locTaroqHO MajiOvi, 

d. ^ ) (I) 

BCJiGB.cTBne ^ero d hhskodojilthom peKiiwe a^^eimiBHOCTB hohm- 
3ai^mi ;ierKHX aTOMoa Hii3i<a. 


Pmc. 3 Ups=400e; 1,2-il'x:; »fi = 0,84 
MF/cen; 3,4-H2; Hi =0,35Mr/ceK. 

CpaBHaHHe BOjr&TaMnepHux xapaKTepiicTUK pa3pfljia(BAX) Ha 

aproH0,Ha KOTopo.M du/ta flocrarHyra BepoaTHOcTt HOHKsanHH 

P. = I Ha odeHX MOfleaix,noKa3HBaer,4ro riocJieAHKe npaKTHnecKH 

n^l8HTI14HH Jim OAHOrO H TOBO 2Ce peEHMa pa3pHAa,PHC.2 npi'I 

Pj_^,2 BAX pa3pn;^a o6enx wo;ieJieii hbMtch pacTyii{ffl.iH,CM.KpHBtie 

3 h 4~BOAopoB.,Ho B CJQTHae 73JB? BAX paspaBa CMemena b CTOpoiiy 

dojiBiuHX 3HaHeHHM ^pJioK cJieffyeT H3 pe3yaBTaT0B asMepemiii 

9H0prHH HOHOB B HyHKe ,PHC.3,HOHOO(3pa3OBaHII0 B npnaHOAHOg od~ 

JiaCTH BHine B ysjir JJ,COOTBeTCTB0HHO,CpeflHHH 3H0priIfl HOHOB HB- 

JiaeTca dojiea bugokoh no cpaBHeHiiK) c YAC.B TadJiHUB I npHseAe- 

HH Xapai<TepHH0 BGJIH'IHHU MaTHHTHOrO nOJIff H waKCHMaJIBHO 

AocTHrayTHo aHaaaHHH hht 0 hchbhogth j-- h noiiHoro TOKa ny^Ka 
B GTailHOHapHOM pe?XHM0 .PaGXOXHMOCTL ZOHOB Mi, Hz Hpii yCJIOBHH, 

HTO O,85'C/j^3aKJnoH0HO B yrox npoBamaaa 10® Ha odeHX 

MOflGJiHX.WlaKGHMaffibHOa OTHOnieHHe ysm? H yAG COOTaBJIH- 

XO 0,9 H 0,8 COOTB0TCTB0HHO. 

I, B,C.Epo$ 00 B, J[.B.Jl0CKOB B KH."€^H3HKa H npi®flaH 0 HH 0 naaa- 
M 0 HHHX ycKopHT8Jiefi", CTp, 18-47, r.MHHCK, I974r. 
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HYBRID ACCELERATOR WITH CLOSED DRIFT OF ELECTRONS 
N, A. Bardadimov, A, B. Ivashkin, L. V. Leskov, and A. V* Trofimov 


In this paper, the results of an experimental investigation of a 
hybrid accelerator with closed electron drift (Hall-current accelerator, 
HCA) are shown and compared with the working characteristics of an 
accelerator with anode layer of the single-stage type (anode-layer 
accelerator, ALA), 

The scheme of construction for the experimental model of the HCA is 
shown in Fig. 1. Volume neutralization of the ions leaving the accel- 
erator is obtained with a cesium plasma neutralizer. The ALA model 
differs from the HCA model only in the absence of the dielectric inserts 
2 (Fig. 1) . The length of the acceleration channel of the ALA is 9 mm. 
The interelectrode anode-cathode spacing was 1 mm. 

Investigations of the HCA model were carried out with the goal of 
showing an ionization and single-stage acceleration zone, to bring its 
characteristics closer to the results obtained with the two-stage 
ALA I. Some increase in the overall length of the accelerator channel 
due to the dielectric insert 2 should increase the probability of 
ionization of working gases with small atomic masses, and closely 
related materials. In the ALA model, the length of the acceleration 
channel constitutes of the order of d,^ and appears rather small, 


4 
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because in the low-voltage regime the efficiency of ionization of 
light atoms is low. Comparison of voltampere characteristics of the 
discharge with argon, with which ionization probability approached 
unity for both models, shows that the latter are practically identical 
for both (Fig. 2). With a probability of ionization of <0.2, the 
voltampere characteristics of both models are seen to increase - see 
curves 3 and 4, for hydrogen. But in the case of the HCA, the volt- 
ampere characteristics are displaced upwards in As shown by the 

measurements of ion-energy distribution. Fig. 3, the ions are formed 
more in the near-anode region for the HCA and, accordingly, the mean 
ion energy of ions appears higher than for the ALA. In Table 1, the 
typical values of magnetic field and maximum attained values of 
intensity and of field current are shown for several operating 
conditions in the steady-state regime. The angular dispersion of ions 
of Ar, Ne, and did not exceed 10° in both models, with 0.85 I./ 2 

included in this angle of a/2. The maximum ratio of I. /I, for the HCA 

1 a 

and the ALA agreed within a factor of 0.9 to 0.8. 

References 

1. V. C. Erofiev, L. V. Leskov, in Physics and Applications of Plasma 
Accelerators , pp. 18-47, Minsk, 1974. 

In Fig. 1 (Phc. 1) all dimensions are in ram, with dimensions 
preceded by ^ diameters. Also 1 is the anode, 2 are the dielectric 
spacers, and 3 is the cathode. In Fig. 2 (Phc. 2), Ip,a and 
the discharge current I^ in A and discharge potential in V, while 
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VAC is the anode layer accelerator and ysDr is the Hall-current accel- 
^ erator (hybrid accelerator with closed drift of electrons) . The Ar flow 

rate is 0.84 mg/sec (curves 1 and 2), and the flow rate is 0.35 
mg/sec (curves 3 and 4). For Fig. 3 is the normalized (relative) 

Uirl 

current while U^/Up is the ion formation (creation) voltage 

divided by the discharge voltage. The flow rates m are again 0.84 

mg/sec for Ar and 0.35 mg/ sec for H 2 , and the discharge potential 

(Up) is 400 V. In Table 1 (TaCJMia 1) y3DF is again the Hall current 

accelerator and yAC is the anode layer accelerator. At the left of 

the table, j , is ion current density in A/cm , m is the mass flow 
1 s 

2 

density in A/cm , is the total ion current in A, and is the 
magnetic field in Oersted. 

4i 

4 
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